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ABSTRACT
U.S. Environmental Protection Agency (EPA) research ex-
amining the characteristics of primary PM generated by
the combustion of fossil fuels is being conducted in ef-
forts to help determine mechanisms controlling associ-
ated adverse health effects. Transition metals are of
particular interest, due to the results of studies that have
shown cardiopulmonary damage associated with expo-
sure to these elements and their presence in coal and re-
sidual fuel oils. Further, elemental speciation may
influence this toxicity, as some species are significantly
more water-soluble, and potentially more bio-available,
than others. This paper presents results of experimental
efforts in which three coals and a residual fuel oil were
combusted in three different systems simulating process
and utility boilers. Particle size distributions (PSDs) were
determined using atmospheric and low-pressure impac-
tion as well as electrical mobility, time-of-flight, and light-
scattering techniques. Size-classified PM samples from this
study are also being utilized by colleagues for animal in-
stillation experiments.

Experimental results on the mass and compositions
of particles between 0.03 and >20 µm in aerodynamic di-
ameter show that PM from the combustion of these fuels

IMPLICATIONS
Transition metals are hypothesized to play a significant
role in causing adverse health effects associated with
exposure to PM2.5. The concentration, speciation, and
solubility of transition metals in PM2.5 generated by the
combustion of fossil fuels can depend upon the fuel type
and combustor design. The results presented in this pa-
per have implications for policymakers and researchers
evaluating possible sources and control of PM2.5 contain-
ing transition metals.

produces distinctive bimodal and trimodal PSDs, with a
fine mode dominated by vaporization, nucleation, and
growth processes.  Depending on the fuel and combus-
tion equipment, the coarse mode is composed primarily
of unburned carbon char and associated inherent trace
elements (fuel oil) and fragments of inorganic (largely
calcium-alumino-silicate) fly ash including trace elements
(coal). The three coals also produced a central mode be-
tween 0.8- and 2.0-µm aerodynamic diameter. However,
the origins of these particles are less clear because vapor-
to-particle growth processes are unlikely to produce par-
ticles this large.

Possible mechanisms include the liberation of micron-
scale mineral inclusions during char fragmentation and
burnout and indicates that refractory transition metals
can contribute to PM <2.5 µm without passing through a
vapor phase. When burned most efficiently, the residual
fuel oil produces a PSD composed almost exclusively of
an ultrafine mode (~0.1 µm). The transition metals asso-
ciated with these emissions are composed of water-soluble
metal sulfates. In contrast, the transition metals associ-
ated with coal combustion are not significantly enriched
in PM <2.5 µm and are significantly less soluble, likely
because of their association with the mineral constitu-
ents. These results may have implications regarding health
effects associated with exposure to these particles.

INTRODUCTION
Fine PM has been of considerable environmental interest
in recent years because of a number of research studies cor-
relating short-term exposure of ambient levels of fine PM
with acute adverse health effects.1 These studies were sum-
marized by the U.S. Environmental Protection Agency
(EPA)2,3 and reviewed by EPA’s Clean Air Scientific Advi-
sory Committee, which concluded that there was evidence
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linking ambient fine PM concentrations and adverse health
effects.4 These studies were the basis for a revision of the
National Ambient Air Quality Standards for PM that in-
cluded a standard for PM <2.5 µm in diameter (PM2.5).

5

In the ambient atmosphere, fine PM is composed pri-
marily of sulfates, nitrates, condensed organics, carbon-
aceous soot, and inorganic aerosols, formed during
high-temperature processes such as the combustion of
fuels containing trace quantities of metals and other im-
purities.2,6,7  Formation of these small particles is heavily
influenced by vaporization, condensation, and other gas-
to-particle conversion processes. In contrast, the coarse
fraction of PM tends to be composed of particles formed
by mechanical (e.g., fragmentation, grinding, crushing,
and entrainment) processes. Because they are formed by
different mechanisms, the fine and coarse fractions of PM
tend to have different compositions. Particle composition
has been identified as one of the possible factors driving
the adverse health effects associated with exposure to
ambient PM.8

Health effect researchers have identified at least two
aspects of particle composition that appear to exacerbate
health damage from particles. The first is related to
water-soluble transition metals such as Cu, Fe, Ni, V, and
Zn present in the particles.9–11 The second is aerosol acid-
ity in general. In addition to these composition-related
properties, ultrafine particles (those particles <0.1 µm in
diameter), regardless of composition, have been identi-
fied as potential factors influencing mechanisms for these
health impacts.2 Particles with all of these characteristics
(transition metals, acidity, and ultrafine size) are contained
in the PM generated from the combustion of fossil fuels
such as residual fuel oils and coals. Hence, one might
hypothesize fossil-fuel-fired systems to be candidate
sources of toxic fine particles that play a significant role
in the demonstrated association of adverse health effects
with ambient concentrations of fine PM.

The research by Dreher et al.9–11 has indicated that
residual oil fly ash (ROFA) possesses toxic qualities. Un-
fortunately, the hypothesis that residual oil combustion
is the prime source of fine particles causing respiratory
distress is not consistent with the currently available epi-
demiologic data. Residual fuel oils are used in significant
quantities in only selected regions of the country. Dis-
counting sales of Bunker C oil, the majority of which is
likely to be burned by ships well away from continental
coastlines, significant residual oil usage occurs primarily
in the northeast and southeast regions of the United
States.12 However, adverse health effects associated with
exposure to fine PM are not limited to these regions,13

suggesting that sources of fine PM other than (or in addi-
tion to) those related to residual fuel oil combustion must
also be important.

Another source of PM2.5 containing transition metals
is pulverized coal combustion. Pulverized coal combus-
tion is widespread throughout the United States, and
emissions from coal-fired boilers and furnaces account for
a much larger fraction of both PM <10 µm in aerodynamic
diameter (PM10) and PM2.5, compared to residual fuel oil
combustion. In 1997, ~165,000 tons of PM2.5 was emitted
from utility, industrial, commercial, and institutional com-
bustion of coal, compared to 35,000 tons of PM2.5 from
combustion of residual oil from the same source catego-
ries.14 These values are for primary PM emitted directly
from these sources and do not include secondary particles
formed from gas-phase precursors such as SO2 and NOx.
Because both coal and residual fuel oil burned in the
United States contain significant levels of transition met-
als (see Table 1), substantial quantities of these metals are
emitted into the atmosphere. In light of the potential
health effects associated with inhalation exposure to tran-
sition metals, it is worthwhile to explore the formation
mechanisms and partitioning of transition metals across
different particle sizes for both coals and residual fuel oils.

In a previous study, Miller et al.15 explored the rela-
tionship between residual fuel oil composition, boiler
operation, and the physical and chemical characteristics
of the PM produced. In a subsequent study, Linak et al.16

compared the characteristics of PM produced from two
types of combustion systems burning the same residual
fuel oil. These systems were designed to simulate the op-
eration of small institutional and industrial boilers and
large utility boilers. In this study, we compare differences
in compositions and particle size distributions (PSDs) of
PM from residual fuel oil and coal. Specifically, these tests,
conducted at EPA’s National Risk Management Research
Laboratory in Research Triangle Park, NC, examined the
physical and chemical characteristics of PM generated by
the combustion of residual fuel oil and coal. A single re-
sidual fuel oil was tested in two combustors with signifi-
cantly different heat transfer characteristics, and three U.S.
coals were tested in a single combustor under similar com-
bustion conditions. The purpose of these tests was to ex-
amine the relationship between particle size and particle
composition, specifically with respect to metal content,
for different fossil fuels, and how the relationship may
change as fuel or carbon burnout changes. The results of
the current and previous studies are intended to form the
foundation that may ultimately link measures of acute
pulmonary damage to engineering variables.

EXPERIMENTAL
Residual oil experiments were performed in two types of
combustion systems. These systems represent extremes
of a range of practical conditions under which fuel oil is
burned. Although they may not represent specific boilers
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in all respects, they were investigated here with a view to
determining how this range of combustion conditions
influences the characteristics of fine particles and the
mechanisms that form them. The first system is a small
fire-tube boiler, in which combustion occurs in tubes sur-
rounded by water or steam. These types of small boilers
have large heat transfer surfaces, small volumes, relatively
short residence times, cold walls, and high gas quench-
ing rates (~500 K/s), and often produce emissions with
relatively high carbon contents due to unburned carbon-
aceous char. The second system is a laboratory-scale

refractory-lined combustor designed to simulate the time/
temperature environments of larger utility boilers and
incinerators. In large utility boilers, the water or steam,
rather than the combustion gases, is contained in tubes.
These systems, including the refractory-lined combustor,
operate at higher temperatures with lower quenching rates
(~150 K/sec). As will be discussed later, particle emissions
from this system contain very little unburned carbon and
better approximate emissions from large oil-fired utility
boilers, as reported in the literature.17,18

Fire-Tube Boiler
Residual oil experiments were performed using a com-
mercially available, North American, three-pass, fire-tube
package boiler. This unit is equipped with a 732-kW North
American burner with an air-atomizing oil nozzle. Oil tem-
perature and oil and atomizing air pressures are indepen-
dently controlled to ensure proper oil atomization. PM
samples were extracted at stack locations at temperatures
ranging from 450 to 550 K. Additional system details are
presented elsewhere.15

Refractory-Lined Combustor
Residual oil experiments were also performed using a 59-
kW laboratory-scale refractory-lined combustor. This unit
is equipped with an International Flame Research Foun-
dation (IFRF) moveable-block variable-air swirl burner,
which incorporates an air-atomizing oil nozzle positioned
along its center axis and swirling air, which passes through
the annulus around the fuel injector to promote flame
stability. The burner was configured for a high swirl flame
(IFRF Type 2, swirl no. = 1.48) with internal recirculation.
Gas and aerosol samples were taken from stack locations
at temperatures of ~670 K. All oil experiments (fire-tube
boiler and refractory-lined combustor) were performed at
a stoichiometric ratio (SR) of 1.2 without secondary air
preheat. Additional system details are presented else-
where.16

Pulverized Coal Combustor
Coal combustion experiments were conducted using a
down-fired, refractory-lined furnace rated at 50 kW. A sche-
matic of this furnace is presented in Figure 1. In this com-
bustor, pulverized coal is metered from a screw feeder and
carried by transport air through a fuel injector into the
combustor. Additional axial and tangential airstreams are
metered separately into the variable swirl burner and in-
troduced into the combustor as an annular flow around
the coal. These flows can be adjusted to create stable flames
with the desired degree of swirl. The vertical 4.1 m down-
fired combustor is 20-cm inside diameter (ID). At the bot-
tom of the vertical section, the combustion gases make a
90° turn into a 3.7-m-long, 15-cm-ID horizontal sampling

Table 1. Fuel analysis.

Western Montana Utah High Sulfur
Kentucky  Subbituminous Bituminous No. 6 Oil

Bituminous

Proximate Analysisa (%)
Moisture 6.97 11.36 5.97 0.50
Volatile matter 35.86 37.18 38.58
Fixed carbon 49.66 41.05 45.75
Ash 7.51 10.41 9.69 0.10
HHVb, Btu/lb 11291 9526 11289 18270
HHV, kcal/kg 6273 5292 6272 10150

Ultimate Analysisc (%)
C 70.17 64.87 69.23 85.61
H 4.57 3.97 4.87 10.38
N 1.49 1.03 1.45 0.35
S 3.11 0.83 0.96 2.33
Od 12.59 17.56 13.18 0.92
Ash 8.07 11.74 10.31 0.10

Trace Elementsc (µg/g fuel)
As 4.68 1 2 0.1
Be 1.6 0.4 0.8 <0.3
Cd <0.2 <0.2 <0.2 0.60
Cl 35.5 28.7 33.9
Cr 11 4 12 1.05
Cu 3 2.89 3.37 3.5
Fe 9210 2560 2000 21
Pb 3.06 3.42 2.87 4.5
Mg 79.4 1700 1710
Mn 6.71 62.3 59.9
Hg 0.15 0.08 0.07 0.10
Mo 3.25 ND ND
Ni 6.35 2.39 ND 30
K 81.7 ND 44.6
Se 2 1 2 <0.1
Na 332 300 409
V 13 4.55 4.25 220
Zn 30.8 ND ND 74

Notes: aAs received (wet); bHigher heating value; cDry basis, ND indicates nondetect analy-
sis, empty cells indicate no analysis for this element was attempted; dBy difference.
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duct. Ports are available along the furnace and exhaust
duct for introduction of additional staging air or for in-
troduction of sorbents or extractive sampling. The loca-
tions of these ports are shown in Figure 1. Previous test
programs burning pulverized coal have resulted in com-
bustion conditions within the furnace similar to those
found in full-scale utility units.19

Particulate Sampling and Analysis
PM measurements were performed using several meth-
ods. Standard EPA Methods 5 and 60 sampling and ana-
lytical procedures were used to determine total particulate
and metal concentrations using inductively coupled ar-
gon plasma atomic emissions spectroscopy (ICP/AES).20–22

Other metal analyses were determined by X-ray fluores-
cence (XRF) spectroscopy. Additional samples were ana-
lyzed by X-ray absorption fine structure (XAFS)
spectroscopy, an element-specific structural analysis that
is useful for determining trace element speciation and
forms of occurrence in chemically and structurally com-
plex materials such as combustion ash.23–25

PSDs were determined by a combination of four tech-
niques used at various times. Instruments based on electri-
cal mobility, time-of-flight, and inertial impaction
measurements were used for extracted aerosols; and light-
scattering measurements were used for in situ in-stack mea-
surements. Extractive samples were taken for electrical

mobility, time-of-flight, and inertial impaction analyses
using an isokinetic aerosol sampling system described else-
where.26,27 These diluted samples were directed to a TSI Inc.
scanning mobility particle sizer (SMPS) and a TSI Inc. aero-
dynamic particle sizer (APS). The SMPS and APS were con-
figured to yield 54 and 50 channels evenly spaced
(logarithmically) over 0.01- to 1.0-µm and 0.5- to 20-µm
diameter ranges, respectively. Extracted samples were also
directed to three cascade impactors including an Andersen
Inc. eight-stage, 28 L/min atmospheric pressure impactor,
an MSP Inc. ten-stage, 30 L/min micro-orifice uniform de-
posit impactor (MOUDI), and a custom-made eleven-stage
28 L/min Berner-type low-pressure impactor.28 During the
oil experiments, in situ light-scattering PSDs were obtained
using an Insitec Inc. particle counter sizer velocimeter with
a working range of ~0.3–100 µm. Scanning electron mi-
croscope (SEM) samples were collected on silver membrane
filters to minimize particle charging effects.

In order to collect larger quantities of size-segregated
PM for parallel toxicological studies and XAFS analyses, a
large dilution sampler capable of sampling 0.28 m3/min
of flue gas was used.29 The extracted sample passed through
a cyclone (50 and 90% collection efficiencies for 1.8- and
2.5-µm-diameter PM, respectively) and was then diluted
with clean filtered ambient air (2.8 m3/min) to approxi-
mately ambient temperature (3 sec residence time). The
resulting PM was collected on 64.8-cm-diameter Teflon-
coated glass fiber filters, transferred to sampling jars, and
made available for subsequent chemical, physical, or bio-
logical analysis. In addition to the particle sampling and
collection devices just described, continuous emission
monitors were used to measure stack concentrations of
CO, CO2, NOx, O2, and SO2. These measurements were
made in order to monitor and control the combustion
environments.

Fly ash samples from the oil experiments and the three
coals were subjected to a successive leaching procedure
under development to examine the relative solubility of
transition metals (Cu, Fe, Ni, V, and Zn) associated with
different fly ash matrices. To date, only the dilution sam-
pler filter catches (PM2.5) for these four fuels have been
examined in this manner. PM samples were placed in suc-
cessive solutions (30 mL) of distilled water (pH = 7), 0.1 N
(equivalent) H3BO3 (pH = 5.2 for 0.1 N), 0.1 N CH3COOH
(pH = 2.9), and 0.1 N HCl (pH = 1.1), and sonicated at
room temperature for 2 hr. The filtrates and solid residues
were separated between successive leaching steps. Finally,
these leached samples (and a set of unleached samples)
were subjected to a modified Method 3050B extraction
procedure to determine total metal content.30 Briefly, this
method uses a 50/50 mixture of HNO3 and HF,
microwaved for 5 min at 340 kPa and 20 min at 550 kPa.
After cooling, an additional H3BO3 solution is added and

Figure 1. EPA down-fired pulverized coal combustor.
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microwaved for 10 min at 340 kPa. Solutes were analyzed
by ICP/AES.

Experimental Conditions
The no. 6 residual oil used in both oil experimental sys-
tems contained 2.33% sulfur and 0.1% ash. Operational
characteristics for both systems included similar oil tem-
peratures (380–400 K), atomizing air pressures (200–240
kPa), and stoichiometries (SR = 1.2). The droplet PSD pro-
duced using the Delavan Airo Combustion air-atomizing
oil nozzle (model 30615-84) in the fire-tube boiler was
relatively narrow with a mean diameter between 30 and
40 µm. The refractory-lined combustor experiments used
a similar Spraying Systems Co. (model Air Atom 1/4-JSS)
air-atomizing oil nozzle and produced PSDs believed to
be similar to those for the boiler studies. Therefore, any
differences in carbon burnout may be attributed to differ-
ences in temperature history rather than in droplet size.
Stack O2 concentrations ranged between 3.4 and 3.6% for
all experiments.

Two western U.S. coals (Montana subbituminous and
Utah bituminous) and one eastern U.S. coal (western Ken-
tucky bituminous) have been examined. The coals were
burned under conditions that simulated as closely as pos-
sible those conditions typical of a full-scale utility boiler.
Stack O2 concentrations for the coal combustion tests
ranged from 3.5 to 3.8%, with CO values near 60 ppm for
the Montana coal and 135 ppm for the western Kentucky
and Utah coals. Heat input rates averaged 22.9 kW for
the Montana coal, 19.7 kW for the western Kentucky coal,
and 20.2 kW for the Utah coal. Average NOx concentra-
tions for the three coals ranged between 440 and 480 ppm,
and SO2 concentrations averaged 430 ppm for the Mon-
tana coal, 1475 ppm for the western Kentucky coal, and
850 ppm for the Utah coal (all values uncorrected for O2

concentration).
Table 1 presents the proximate, ultimate, and trace

element analyses for the three coals and one residual fuel
oil examined. Heating values are also included. In con-
trast to the residual oil, which contained only 0.1% ash,
the coal ash contents ranged from 7.5 to 10.4% (as re-
ceived). However, the residual oil sulfur concentration was
almost as high as the western Kentucky coal (2.33 and
3.11%, respectively). The two western coals each had sul-
fur concentrations less than 1%. Also of note are the high
transition metal (Fe, Ni, V, and Zn) concentrations in the
residual oil and the high Fe concentrations in the coals.
Although not measured and presented here, coals often
contain very high concentrations of Al, Ca, and Si.
Hardesty and Pohl31 report ranges of Al, Ca, and Si con-
centrations in U.S. coals of 0.3–2.3, 0.005–1.2, and 0.5–
41%, respectively. Galbreath et al.24 report Al and Si
concentrations in a similar high sulfur no. 6 oil of 19 and

94 ppm, respectively. Walsh et al.32 report ranges of Al,
Ca, and Si concentrations from three medium sulfur re-
sidual oils of 21–44, 13–23, and 23–89 ppm, respectively.

RESULTS AND DISCUSSION
PM and Trace Element Emissions

PM mass emissions, emission factors, and trace element
emissions for the three coals and two fuel oil conditions
are presented in Table 2. Also presented are the mass frac-
tions of PM2.5, as well as the weight percent of unburned
carbon and loss on ignition (LOI). PM emissions for the
three coals and one of the two fuel oil conditions are based
on triplicate averages. Standard deviations are included.
These data indicate that uncontrolled PM emissions from
the three coals ranged between 3800 and 4400 mg/m3

compared to 90 and 180 mg/m3 for the fuel oil.
Differences seen between the two fuel oil conditions

are likely the result of differences in the heat transfer, time/
temperature profiles, and quenching rates characteristic
of the two types of combustion equipment used, and are
consistent with data published from field measurements.16

However, even though the uncontrolled PM emissions for
the three coals are over 20 times greater than those for
the oil experiments, Table 2 indicates that the mass frac-
tion of PM2.5 for the coals is very much smaller (4.3–6.7%)
compared with the oil (40–100%). This is likely due to
differences in the chemical and physical nature in which
inorganic elements are bound within the two types of
fossil fuels. Unburned carbon and LOI values for the two
bituminous coals (western Kentucky and Utah) were ~10–
11 and 13–14%, respectively. While somewhat high, these
values are reasonable for small research coal combustors
and not too unusual even for full-scale utility boilers.
Lower unburned carbon (0.5%) and LOI (2.3%) are seen
for the Montana subbituminous coal and are characteris-
tic of the behavior of lower rank coals. LOI values for the
two oil conditions are very different (90 and 0%), and
this behavior, again, is likely the result of differences in
the heat transfer characteristics between the fire-tube
boiler and refractory-lined combustor. Table 2 also indi-
cates that, in general, coal has significantly higher trace
element emissions compared with oil (uncontrolled).
However, notable exceptions exist, including emissions
of V, Zn, and Ni, which are 8–24 times higher from re-
sidual oil combustion compared with coal combustion.

Table 3 presents size-classified trace element concen-
trations as well as weight percents of unburned carbon and
LOI in PM less than and greater than ~2.5 µm aerodynamic
diameter. These analyses were made from the cyclone and
filter catches from the dilution sampling system used to
collect large quantities of PM. The data indicate that the
fine PM fraction tends to be enriched in many of these
trace elements compared with the coarse PM fraction, and
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this enrichment seems to be more pronounced for the oil
combustion experiments. In fact, it is noted that essen-
tially all the PM for the refractory-lined combustor oil ex-
periments was <2.5 µm in aerodynamic diameter.

Table 2 presents a comparison of the trace element
emissions for the fire-tube boiler and refractory-lined com-
bustor oil experiments. As expected, these concentrations
are similar because both systems fired the same high sul-
fur no. 6 fuel oil. However, in contrast to the PM from the
boiler, which exhibited high values for LOI ranging from
60 to 85%, blank-corrected results of filter samples from
the combustor tests indicate no mass lost on ignition. The
sum of the concentrations of the seven analyzed elements
listed in Table 2 for the refractory-lined combustor ex-
periments (last column) account for 21.6 mg/m3 or ~23%
of the total mass emissions. However, if these elements
are assumed to exist as sulfates, they then account for
67.1 mg/m3 or ~72% of the total mass emissions. In fact,
XAFS spectroscopy indicated that, while a large portion
(40–60%) of the sulfur measured in the fire-tube boiler
PM existed as unoxidized organic sulfur (predominantly
thiophenic sulfur), essentially all (99%) of the particulate-

bound sulfur in the refractory-lined combustor samples
was in the form of sulfates.

Emission Factors
The measured mass concentration of 93 mg/m3 deter-
mined from the refractory-lined combustor oil experi-
ments can be converted into an emission factor of ~10.5
lb/103 gal. This value is comparable to the emission factor
of 9.2 lb/103 gal for no. 6 residual oil-fired boilers larger
than 100 × 106 Btu/hr published in AP-42.33 This compari-
son lends further support to the hypothesis that the refrac-
tory-lined combustor adequately simulates the combustion
environment of larger industrial and utility boilers. As re-
ported by Miller et al.,15 the range of emission factors de-
termined for the fire-tube boiler was approximately twice
that for oil-fired utility boilers. However, dilution samples
for these experiments indicate that only 30–50% of the
PM mass emissions had an aerodynamic diameter <2.5 µm.
Hence, the fine PM emission factor for utility boilers may
well be greater than that of fire-tube boilers.

Emissions results from this study can be compared to
values from the literature. Goldstein and Siegmund34,35

Table 2. PM and trace element emissions and emission rates.a

Western Montana Utah High Sulfur No. 6 Oil High Sulfur No. 6 Oil
Kentucky Fire-Tube Boiler Refractory-Lined Combustor

Total Emissions
PM emissionsb (mg/m3) standard dev.  3807 (564)  4374 (246)  4323 (374)  184 (6)  93
PM mass fractionc <2.5 µm  0.043  0.050  0.067  0.395  ~1
PM emission factor (lb/106 Btu) (kg/106 J)  3.00 1.44e-3  3.30 1.58e-3  3.32 1.59e-3  0.123 5.29e-5  0.052 2.50e-5
Unburned carbond (wt %)  10.2  0.5  10.9
LOI4 (wt %)  12.9  2.3  14.5  89.9  ~0

Trace Element Emissions (mg/m3)
Sb 0.41 0.05 0.0077
As 0.76 0.41 0.24 0.0063
Be 0.08 0.03 0.00009
Cd 0.04 0.01 0.003 0.0035
Cr 0.57 0.26 0.35 0.011
Cu 0.33 0.40 0.30 0.170 0.200
Fe 504.75 84.87 92.98 0.740 1.200
Pb 0.11 0.27 0.06 0.089
Mg 5.83 46.52 1.200 1.700
Mn 0.46 5.23 0.016
Hg <0.0022
Ni 0.48 0.17 0.21 1.200 1.400
Na 2.100
V 1.62 0.48 0.58 9.800 12.000
Zn 2.61 0.30 0.54 3.300 3.000

Notes: aDry basis, concentrations corrected to standard conditions (1 atm, 293 K); bPM emissions for four of the five experimental conditions are based on the average of three replicate
measurements, standard deviation in parentheses; cBased on average mass loadings determined by cascade impactors; dTotal PM unburned carbon and LOI values are based on the
sum of weighted values determined from the dilution sampler filter and cyclone catches (see Table 3).
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examined the effect of fuel type and combustion modifi-
cations on PM emissions from a small 37-kW (50-hp) fire-
tube boiler. They report similar PM emissions of ~180
mg/m3 with carbon contents of up to 80% while burning
a similar 2.2% sulfur no. 6 fuel oil. They also noted that
efforts to increase PM burnout shift the PSD toward the
submicron range. Conversely, Cheng et al.17 and Bacci et
al.18 examined PM emissions from 30-MW (1 × 108

Btu/hr) and 320-MW (1 × 109 Btu/hr) fuel-oil-fired power
plants, respectively. PM emissions from these units were
reported to be 87 mg/m3 and 40–50 mg/m3, respectively,
even though the 30-MW unit was equipped with a
multicyclone PM control system.

The uncontrolled measured mass concentrations for
the three coals can be converted to emission factors rang-
ing from 1.4 × 10–3 to 1.6 × 10–3 kg/106 J (3.0–3.3 lb/106

Btu). Like the oil experiments, these values are also com-
parable to emission factors determined for these coals.
AP-4233 estimates that filterable PM emission factors for
these pulverized coals from dry-bottom wall-fired and dry-
bottom tangentially fired utility boilers would range from
3.3 to 5.5 lb/106 Btu. This agreement is remarkable con-
sidering the difference in the scales of these units. It is
important to note, however, that most utility boilers are
equipped with PM control systems and that actual PM
emissions from these units are dependent on particle size
and the control technology used.

McElroy et al.36 present particle collection efficien-
cies for two coal-fired units equipped with a fabric filter
baghouse and an electrostatic precipitator, respectively.
Their measurements indicate the baghouse produced PM
collection efficiencies of >99% over the entire range of
particle diameters examined (0.02–10 µm). However, PM
collection efficiencies for the electrostatic precipitator were
>90% for most particle diameters, and between 80 and
90% for particles between 0.1 and 0.3 µm diameter. This
characteristic minimum in particle collection efficiency
is typical for particles between 0.1- and 1.0-µm diameter
and was also seen in the baghouse data to a lesser extent.
Particles in this size range contain neither the mass (mo-
mentum) to be removed by impaction nor the high diffu-
sion velocities necessary to migrate to collection surfaces.
While most large utility boilers have some kind of PM
control, smaller industrial and institutional boilers (of-
ten burning residual fuel oils) are much less likely to have
such controls. Additionally, these small boilers are often
located within urban airsheds.

PSDs
Figure 2 presents representative particle volume distribu-
tions for the three coals and oil combustion in the fire-
tube boiler (open circles) and refractory-lined combustor
(shaded circles). The inset shows more detail in the
ultrafine particle size range below 0.1 µm. Together, these

Table 3. Trace element concentrations in emitted PM size fractions.a,b

Western Kentucky Montana Utah High Sulfur High Sulfur No. 6 Oil
 No. 6 Oil Refractory-Lined

 Fire-Tube Boiler Combustor

Trace Element Concentration
in Ash Fraction (µg/g) <2.5 µm >2.5 µm <2.5 µm >2.5 µm <2.5 µm >2.5 µm <2.5 µm >2.5 µm <2.5 µm >2.5 µm
Sb 48.6 8.20
As 132 68.4 62.7 45.3 89.0 59.6 35.9 8.60
Be 0.46 0.15
Cd 8.7 3.3 <1.0 <1.0 <1.0 <1.0 19.3 1.84
Cr 132 108 17.5 19.6 110 78.7 60.2 41.3
Cu 73.5 51.9 96.7 55.6 95.8 51.5 1050 222 2346 0c

Fe 76500 88300 4000 3810 16000 14400 3850 2300 13993 0
Pb 34.5 16.1 93.2 48.4 40.2 <12.3 990 94.2
Mg 6190 2220 19989 0
Mn 73.2 42.8
Ni 110 86.2 41.5 29.3 109 39.4 8020 2270 16518 0
S (wt %) 1.12 0.46 0.74 0.01 0.68 0.27 3.2 0
V 356 330 111 84.9 186 123 58900 19900 135718 0
Zn 548 265 141 31.9 144 40.3 21000 2740 34245 0
Unburned carbon (wt %) 11.25 8.83 0.43 0.53 12.86 9.89
LOI (wt %) 14.96 9.96 1.69 2.79 15.68 13.98 86.6 96.9 ~0 0

Notes: aDry basis, empty cells indicate no analysis for this element was attempted; b<2.5- and >2.5-µm concentrations are determined from size-classified fly ash from the dilution sampler
filter and cyclone catches, respectively; cNo material was recovered from the cyclone catch for this condition, <2.5-µm elemental concentrations were determined from M-29 samples.
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electrical mobility, time-of-flight, and light-scattering mea-
surements span four decades of particle diameter (0.01–
100 µm). The fire-tube boiler and refractory-lined
combustor oil PSDs are the same data as plotted in Miller
et al.15 and Linak et al.,16 respectively. The fire-tube boiler
PSDs indicate that most of the particle volume is associ-
ated with large (coarse mode) particles  >10 µm diameter.
The open circle symbols in the inset show that even the
fire-tube boiler produces a small accumulation mode with
a mean diameter of between 0.07 and 0.08 µm, but that
this accumulation mode is much smaller than that for
the refractory-lined furnace (shaded circles). Thus, both
configurations produced an ultrafine mode, but only the
fire-tube boiler produced a bimodal PSD with a very large
and dominant coarse mode.

In contrast, the three coals each produce trimodal PSDs.
These include small accumulation modes between 0.07 and
0.08 µm, large coarse modes from 7 to 10 µm, and a cen-
tral mode between 0.8 and 2.0 µm. Unlike the in situ light-
scattering technique used during the oil tests, the APS used
during the coal combustion experiments does not extend
beyond 20 µm. While the accumulation and coarse modes
can be described by mechanisms of trace element vapor-
ization, nucleation, and particle growth and residual ash

fragmentation, respectively, the mechanisms that produce
the central mode are less clear. Model predictions6,7,16 indi-
cate that coagulation of nucleated vapor cannot produce
particles as large as 1-µm diameter. These particles are more
likely the result of mineral inclusions that are liberated
during the fragmentation and burnout of the coal char
particle. This mechanism has been proposed previously to
explain supermicron particle formation.37

Smith et al.38 proposed that the presence of cenospheres
and plerospheres indicate that a bursting mechanism may
be involved. They suggested that gas evolution during rapid
heating causes ballooning of some large liquid ash particles.
At temperatures slightly higher than that required for
cenosphere formation, the viscosity of the liquid particle
will be sufficiently small that the particle will burst, releas-
ing a shower of smaller particles. Helble and Sarofim39 ex-
amined the influence of fragmentation on ash PSDs. They
measured a mode between 1- and 5-µm diameter which
comprised ~25% of the total ash mass and suggest that
particles in this size range are formed by perimeter frag-
mentation of the char during conditions of external
diffusion-controlled reaction and excess air.

Baxter40 also developed a char fragmentation model to
predict fly ash PSDs (>0.6 µm diameter) during pulverized

Figure 2. Measured volume PSDs. PSDs between ~0.01 and 1.0 µm diameter were determined by electrical mobility measurements. PSDs greater
than ~0.5 µm diameter were determined by light-scattering and time-of-flight measurements.



Linak, Miller, and Wendt

1540   Journal of the Air & Waste Management Association Volume 50  August 2000

coal combustion. Results indicate that the fly ash PSD is
sensitive to both the extent and mechanism of fragmen-
tation. For high rank coals, more fly ash particles of ~2-
and 15-µm diameter are produced as a result of fragmen-
tation than any other sizes, and predicted PSDs indicate
modes at ~2 and 15 µm, which are qualitatively consis-
tent with those presented in Figure 2. The model also pre-
dicts that fragmentation is much less important for lignite
fuels. Previous reports of trimodal PSDs for coal fly ash
are somewhat limited, and may be a consequence of lim-
ited ranges of particle diameters examined, improved reso-
lution of current instrumentation, and field data taken
downstream of PM control devices, which are very effec-
tive in controlling larger particles. McElroy et al.36 present
composite impactor PSDs from a small 25-MW coal-fired
boiler. Their PSDs indicate modes at ~0.08-, 2-, and >10-
µm diameter comparable to those presented in Figure 2.
More recently, Seames and Wendt41 have also seen evi-
dence of trimodal PSDs during combustion of an Illinois
no. 6 bituminous coal in an uncontrolled laboratory-scale
combustor using a low-pressure impactor.

The bimodal PSDs seen for the oil experiments are
consistent with a mechanism of metal vaporization/nucle-
ation/coagulation/condensation and incomplete burnout
of residual fuel cenospheres.15,16 SEM images of oil char
collected from the fire-tube boiler showed a sponge-like
morphology that clearly suggests swelling and extensive
pore formation. In general, the extent of ash (metal) va-
porization is dependent on carbon burnout. For incom-
plete combustion, a substantial fraction of the trace metals
remain trapped in the unburned char particles, and never
escape into the vapor phase. However, as the combustion
gases cool, those metals that have vaporized will condense
on existing surfaces or, if supersaturation partial pressures
are large enough, will nucleate to form new particles. The
distinctive submicron peak (between 0.07- and 0.08-µm
diameter) is clearly indicative of particles formed by nucle-
ation, coagulation, and condensation of materials that
have vaporized. Thus, when large portions of the metal
constituents fail to vaporize (open circles), the accumula-
tion mode will be much smaller than when they do va-
porize (shaded circles).

The refractory-lined combustor volume PSD (shaded
circles) consists exclusively of a narrow submicron accu-
mulation mode with a mean diameter of ~0.1 µm, and
both light-scattering measurements and the lack of any
cyclone catch containing gray or black particles with
measurable LOI support this. Clearly, as the oil char is
consumed, the metals have vaporized almost completely
and have subsequently nucleated and grown to form the
distinctive accumulation mode shown in Figure 2. Com-
parison between the areas under the submicron volume
PSD for the two types of equipment suggests that, while

only a very small fraction (<1%) of the metal trace ele-
ments are vaporized in the fire-tube boiler, well over 99%
of these constituents vaporize in the refractory-lined
combustor.

In contrast to residual oils whose ash is almost exclu-
sively bound inherently within the organic molecular
structure, very little coal ash is inherently bound. Rather,
large fractions of ash components in coal are present as
mineral inclusions within the coal particles or as excluded
materials, either liberated inclusions during the grinding
process or extraneous material collected during mining.6

As a result, the nature and behavior of coal ash is very
different compared with oil. Coal refractory elements,
including Al, Ca, and Si, are not easily vaporized and can
act to bind otherwise volatile species. Typically, large frac-
tions of coal ash remain in the coarse size fractions with
only very small amounts (<1%) vaporizing to produce the
accumulation mode. However, the central mode near 1-
µm diameter (see Figure 2) indicates that fine PM (includ-
ing transition metals) may be produced from coal
combustion by mechanisms other than vaporization. In-
teractions between alkali metals and Al- and Si-contain-
ing species in coal have been studied by Gallagher et al.,42

who examined such processes for Na and K with implica-
tions for understanding and controlling boiler fouling pro-
cesses. Additionally, several studies have purposely
introduced Al-, Ca-, and Si-based compounds to adsorb
toxic trace elements, including Pb and Cd, in waste in-
cineration processes.26,43,44

Figure 3 presents mass distribution data for the three
coals determined by gravimetric analysis of in-stack and
extractive low-pressure cascade impactors. While not as
resolved or sensitive as the electronic measurements pre-
sented in Figure 2, these data indicate the same qualita-
tive information, including a large coarse mode from 8 to
10 µm and a central mode between 1 and 5 µm. Figure 4
presents the elemental mass fraction distributions of sev-
eral selected transition metals determined by XRF analy-
sis from a set of MOUDI samples for the western Kentucky
coal. These mass fraction data have been normalized by
dlogDp to correct for differences in cut-off diameters that
might otherwise skew the distribution. However, as a re-
sult of this normalization, the data from the first (>10
µm) and last stages (<0.056 µm) are lost. Figure 4 indi-
cates that the trace element mass fraction distributions
have the same qualitative behavior as the western Ken-
tucky volume distribution presented in Figure 2; that is, a
small accumulation mode ~0.1 µm and a central mode
~1 µm. The data also indicate that transition metals com-
prise a portion of the fine PM produced during coal com-
bustion. These elemental PSDs (Figure 4) are also qualitatively
similar to those presented by Kauppinen and Pakkanen45

from a utility-scale pulverized coal boiler burning a Polish
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Figure 3. Measured coal mass PSDs.

Figure 4. Elemental PSDs for the western Kentucky coal.
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coal. Their measurements, taken downstream of the elec-
trostatic precipitator, indicate total mass emissions of 24.3
mg/Nm3, of which 1.2 mg/Nm3 (~5%) was comprised of
the transition metals Zn, Cu, Ni, Fe, Mn, and V (Cr was
not measured).

Successive Leaching
Based on the hypothesis that soluble forms of transition
metals may play important roles in the mechanisms re-
sulting in adverse health effects, research was initiated to
examine and compare the relative solubility of these ele-
ments from different fly ash matrices. This approach, based
on a procedure of successively leaching fly ash samples with
acids of increasing strength, was briefly described earlier
and remains under development. The intent is to compare
the relative solubility of these metals from different ash
matrices to various health effect end points determined
for the same ash samples by colleagues within EPA’s Na-
tional Health and Environmental Effects Research Labora-
tory.  Figure 5 presents results comparing the relative
solubility of five transition metals from the PM2.5 fraction
of fly ash samples from the residual fuel oil and the three
coals examined to date. Note, however, that the residual
fuel oil fly ash used for these analyses was collected from a
third in-house liquid fuel combustor designed to simulate
a water-wall package boiler. These samples were collected
during a test campaign to examine the combustion char-
acteristics of an Orimulsion fuel and compare its emissions
to those of a residual fuel oil.46 Nonetheless, the package
boiler simulator produced fly ash with 38% LOI. This value
is higher than that for the refractory-lined combustor, but
notably lower than that of the fire-tube boiler (see Table
2), and is consistent with the moderate heat transfer and
quench rates associated with this boiler design.

Figure 5 indicates that several of the transition met-
als associated with the PM2.5 ROFA are readily soluble even
in water, but these same metals are relatively insoluble
from each of the three PM2.5 coal fly ash samples. The data
indicate that, compared to the oil fly ash sample, strong
acids are necessary to dissociate these metals from the
coal fly ash. Another interesting result seen in Figure 5 is
that not all of the transition metals have similar solubili-
ties in each of the acids. The residual oil data show Ni is
almost completely soluble in water, while V and Cu are
partially soluble and Zn and Fe are only minimally soluble.
Stronger acids are necessary to dissolve these elements.
This may be related to the nature of the trace element
speciation with the fly ash and may influence the poten-
tial bioavailability of the transition metal. The relative
insolubility of these metals from the coal fly ashes is likely
the result of the mineral nature of coal ash and large quan-
tities of Si, Al, and Ca that are known to interact with
trace metals to form relatively insoluble alumina, silica,

and calcium complexes. It should be re-emphasized that
this leaching process is only intended to determine the
relative solubility of different trace elements in different
ash matrices. It is not intended to simulate any actual in
vivo process. Other work has shown that transition metal
mobility may be increased by the presence of organic
chelating compounds.47,48

CONCLUSIONS
Fine particle emissions from residual fuel oil and pulver-
ized coal combustion were examined and compared. A
laboratory-scale refractory-lined combustor, which was
shown to simulate combustion conditions of a large util-
ity residual oil-fired boiler (as far as particulate emission
factors were concerned), produced fly ash particles with
an essentially unimodal PSD with a mean diameter of ~0.1
µm. Conversely, a pilot-scale fire-tube package boiler pro-
duced particles with a weak bimodal size distribution,

Figure 5. Elemental solubility by successive leaching of PM2.5 fly ash.
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which included a small fraction (~0.2%) of the mass with
particle diameters below 0.1 µm and a large fraction
(~99.8%) of the mass with particle diameters between 0.5
and 100 µm. Here the large particles were shown to con-
sist of large porous carbonaceous cenospheres resulting
from poor carbon burnout, a characteristic not uncom-
mon for that class of equipment. Although the total par-
ticulate mass concentrations in the flue gas of the
refractory-lined combustor were less than half those of
the fire-tube boiler, ultrafine particle concentrations of
the refractory-lined combustor were notably larger than
those measured for the fire-tube boiler.  Volume PSDs
obtained from two independent particle-sizing instru-
ments were, with only a few very reasonable assumptions,
consistent with independently measured total mass emis-
sion rates for both equipment types.

Three pulverized coals burned in a laboratory-scale
down-fired combustor produced trimodal PSDs. Uncon-
trolled mass emissions for these coals were over 20 times
higher than those for the residual fuel oil. However, most
of this mass contributes to a large coarse mode with only
4–7% of this mass associated with PM2.5.

The results presented here provide insight into mecha-
nisms of fine particle formation from residual oil and
pulverized coal combustion. For the refractory-lined com-
bustor burning residual oil, where very few large particles
were formed, the PSD was nearly unimodal with a mean
diameter of ~0.1 µm. These particles were composed pri-
marily of trace species containing Cu, Fe, Ni, V, Zn, and S.
Additionally, these particles contained very little carbon
(based on LOI), and the particulate-bound sulfur was spe-
ciated almost exclusively as sulfates. The weak bimodal
behavior of the PM generated by residual oil combustion
in the fire-tube boiler produced a fine mode (composed
predominantly of metals and sulfur) with a mean diam-
eter of ~0.7–0.8 µm, and a broad coarse mode (comprised
primarily of char) with a mean diameter of ~40–50 µm.
Both of these types of behavior provide circumstantial
evidence for a mechanism of fine particle formation from
residual oil combustion. Commonly considered nonvola-
tile metals are likely released into the gas phase during
the last stages of carbon burnout, and because of incom-
plete carbon burnout, the accumulation mode for par-
ticles formed from vapor nucleation was very small for
the fire-tube boiler. For the refractory-lined combustor,
where char burnout was nearly complete, most of the
nonvolatile metals were released into the gas phase.

For the coal experiments, the unburned carbon and
LOI ranged from 0.5 to 11.0% and 2.0 to 15%, respec-
tively. While slightly high, these values are not atypical
of many utility-scale boilers. The coal PSDs indicate a small
accumulation mode ~0.1-µm diameter and a large coarse
mode beginning ~10-µm diameter. Similar to the oil PSDs,

these modes are consistent with mechanisms involving
gas-to-particle formation and growth and residual inor-
ganic ash remaining after char burnout. However, unlike
the oil PSDs, the coal data indicate a third central mode
between 0.8- and 2.0-µm diameter. Particles of this size
are too large to be the result of gas-to-particle growth pro-
cesses, and are more likely the consequence of micron-
scale mineral inclusions liberated during char
fragmentation and burnout. This provides a mechanism
for refractory transition metals to contribute to PM2.5 with-
out the necessity of passing through a vapor phase.

Successive leaching of the PM2.5 fly ash from the differ-
ent fuels may prove to be a useful technique to provide
insight into mechanisms controlling elemental speciation,
partitioning, and bioavailability. Preliminary results using
five acidic solvents of increasing strengths indicate that
five transition metals associated with coal are relatively
insoluble in all but the most aggressive acids. Conversely,
several of these metals associated with ROFA were readily
or partially water-soluble. These results may have impor-
tant implications in the determination of what particle
characteristics play significant roles in causal mechanisms
of pulmonary damage associated with exposure to fine PM.
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ABSTRACT
Particulate matter (PM) emissions from stationary com-
bustion sources burning coal, fuel oil, biomass, and waste,
and PM from internal combustion (IC) engines burning
gasoline and diesel, are a significant source of primary
particles smaller than 2.5 µm (PM2.5) in urban areas. Com-
bustion-generated particles are generally smaller than geo-
logically produced dust and have unique chemical
composition and morphology. The fundamental processes
affecting formation of combustion PM and the emission
characteristics of important applications are reviewed.
Particles containing transition metals, ultrafine particles,
and soot are emphasized because these types of particles
have been studied extensively, and their emissions are
controlled by the fuel composition and the oxidant-tem-
perature-mixing history from the flame to the stack. There
is a need for better integration of the combustion, air
pollution control, atmospheric chemistry, and inhalation
health research communities. Epidemiology has demon-
strated that susceptible individuals are being harmed by
ambient PM. Particle surface area, number of ultrafine
particles, bioavailable transition metals, polycyclic aro-
matic hydrocarbons (PAH), and other particle-bound or-
ganic compounds are suspected to be more important than
particle mass in determining the effects of air pollution.
Time- and size-resolved PM measurements are needed for
testing mechanistic toxicological hypotheses, for charac-
terizing the relationship between combustion operating
conditions and transient emissions, and for source appor-
tionment studies to develop air quality plans. Citations
are provided to more specialized reviews, and the con-
cluding comments make suggestions for further research.

INTRODUCTION
Combustion of coal, biomass, and petroleum-based fuels
generates particulate matter (PM) ranging from millime-
ter-sized cinders and soot aggregates to ultrafine nuclei-
mode primary particles only a few nanometers in diameter.
The largest particles are removed in the combustion zone
as bottom ash or wall deposits, or are collected in the

post-combustion gas cleaning devices. The smaller par-
ticles travel with the combustion exhaust gas and con-
tribute to ambient air pollution on both the urban and
regional scale. Epidemiologic studies reported a correla-
tion between adverse health effects and increases in am-
bient particulate concentration, even when the mass
concentration was below the then-current air quality stan-
dards. This correlation motivated a call for stricter air
quality regulations even though a toxicological mecha-
nism linking small increases in ambient PM and biologi-
cal responses is still unavailable. Particles smaller than 2.5
µm (PM2.5) consist of the tail of the coarse-mode particle
size distribution generated by mechanical processes and
finer particles that are formed from gas-phase precursors
by nucleation, condensation, and surface reaction on
other particles, followed by particle growth from coagu-
lation and other transformations in the atmosphere.

This review focuses on the submicron inorganic ash
and soot produced by practical combustion systems be-
cause the processes by which these particles are produced
have been extensively studied over the three decades since
the passage of the U.S. Clean Air Act. Metal-enriched ash,
soot, and ultrafine particles remain a concern for com-
bustion researchers because these particles have been the
focus of mechanistic toxicological hypotheses. Fundamen-
tal relationships are presented to show how the primary
combustion particle size, morphology, and composition
are determined by combustion conditions and the post-
flame cool down. The implications of these fundamental
relationships are illustrated by descriptions of the results
of particle characterization studies from specific combus-
tion applications. The relationships between the ability
to measure particle characteristics, both at sources and in
the atmosphere, the development of health effects hy-
potheses, and the development of regulations will be dis-
cussed. Examples illustrate recent progress and suggest
areas for further work.

The epidemiology and toxicology of ambient PM is an
active area of research. Recently, efforts in finding the causes
of adverse health effects of particles have intensified.
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Accumulating evidence suggests that mass concentration
is not the most appropriate measure of potential health
effects,1 and that health studies need to consider other
characteristics, such as particle number, particle morphol-
ogy, and detailed chemical speciation.2–4 The active toxi-
cological hypotheses have been summarized into the
following groups.5 Some of these, such as mass, are listed
based on the epidemiologic studies; others because there
are known causal relations with health. There is no hier-
archy to the listing.

(1) PM Mass Concentration. The initial epidemiologic
studies correlated effects with mass as measured
by ambient monitoring procedures. The mass
concentration of individual chemical species in
PM represents the maximum possible dose.

(2) PM Particle Size/Surface Area. Stronger associations
are seen with fine particle mass, and the body
interacts with the surface of an insoluble particle,
not with the volume.

(3) Ultrafine PM. Particles smaller than 0.1 µm domi-
nate the total number of particles in urban aero-
sols. Ultrafine particles are deposited deep in the
lung by diffusion and can enter the body through
the layer of cells lining the alveoli (air sacks) of
the lung.

(4) Metals. Transition metals including Fe, V, Cu, and
Ni act as catalysts in the formation of reactive
oxygen species (ROS) and are associated with the
activation of many biochemical processes.

(5) Acids. Inhalation studies have shown toxic re-
sponses that are associated with the amount of
H+ delivered to respiratory surfaces.

(6) Organic Compounds. Volatile and semi-volatile or-
ganic chemicals associated with particles can act
as irritants and allergens. Many aromatic com-
pounds are suspected mutagens or carcinogens
and may have acute effects as well.

(7) Biogenic Particles. Pollen, spores, and proteins are
known allergens. Ambient PM also includes vi-
able bacteria and viruses, biologically generated
toxins, and natural organic aerosols. Most pol-
len is larger than 10 µm, spores are typically 2–
10 µm, bacteria are 0.5–20 µm, and viruses are
submicron particles.

(8) Salt and Secondary Aerosols. Soluble salts formed
by ocean spray and by gas-to-particle conversion
are thought to be relatively benign. However,
since secondary aerosols form a large part of the
aerosol mass, the resulting particle mass is indi-
rectly implicated by epidemiologic studies.

(9) Peroxides. Ambient peroxides associated with par-
ticles may be transported into the lung and may
cause oxidant injury.

(10) Soot. Carbon black, a surrogate for elemental car-
bon (EC) in soot, causes tissue irritation and the
release of toxic chemical intermediates from scav-
enger cells in laboratory studies. Soot particles
also act as carriers for the organic compounds
mentioned in hypothesis 6.

(11) Cofactors. The combination of two or more pol-
lutants may cause greater or different effects than
the individual pollutants acting separately.

Many of these particle classes or characteristics di-
rectly or indirectly involve combustion emissions. This
review will emphasize particles containing transition
metals, ultrafine particles, and soot because the forma-
tion of these types of particles during combustion can be
explained by the oxidant-temperature-mixing history of
the combustion and gas cleaning processes.

Figure 1 illustrates the main topics covered in this
review. An overview of the fundamentals of particle for-
mation in combustion, using coal combustion as a well-
studied example, is followed by a discussion of the
differences between the PM exiting the combustor and
the emissions to the atmosphere. The PM emission char-
acteristics from practical combustion applications, includ-
ing chemical composition and size distribution, will be
reviewed to identify sources of available data. The rela-
tionship between specific characteristics of combustion-
generated particles and recent work in PM epidemiology,
toxicology, and cell biology will be summarized to show
the interaction between combustion engineering and the
life sciences in addressing questions of public importance.
Next, the current U.S. regulations regarding ambient PM
will be discussed since the regulatory timetable is driving
the need for parallel advances in both health- and engi-
neering-related research. The particles emitted to the at-
mosphere differ from the particles created in combustion
because of size-selective removal and other transforma-
tions in any air pollution control devices (APCDs), and
examples will be given of studies that have integrated
between the combustion and atmospheric emissions re-
search communities. Finally, the need for advances in the
ability to conduct time-, size-, and chemically-resolved
investigations of fine particles both at combustion sources
and in the ambient air will be discussed to illustrate how
health studies, air pollution regulations, and control tech-
nology all depend on advances in what can be measured.

This paper will focus on the PM2.5, PM1, and ultrafine
particles that are emitted as solids from mobile and sta-
tionary combustion sources. While combustion emissions
of nitrogen and sulfur oxides are of importance from the
standpoint of secondary particle formation (nitrates and
sulfates), these gas-phase emissions and the subsequent at-
mospheric transformations will not be discussed. Post-com-
bustion gas cleaning, atmospheric chemistry, and airway
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deposition will also not be discussed in depth even
though these processes all modify the characteristics of
the aerosol as it travels between the combustion source
and the site where the particles interact with the human
body.

The following definitions are used in this paper: PM10,
PM2.5, and PM1 refer generically to particles with an aero-
dynamic diameter smaller than 10, 2.5, and 1 µm, respec-
tively, and not specifically to the ambient particle mass
as measured by federal reference test methods. Ultrafine
particles refer to particles smaller than 0.1 µm, but it
should be noted that the older literature occasionally used
a larger size as the definition for ultrafine PM.
Nanoparticles will refer to particles smaller than 0.01 µm
(10 nm). Primary particles, as used in this paper, will be
restricted to the roughly spherical structures of inorganic
or carbonaceous condensation aerosols that make up ag-
gregate particles. The term primary particles is also used
in atmospheric PM research to refer to particles that are
collected on filters at the source in contrast to secondary
particles formed in the atmosphere from gas-phase pre-
cursors. Atmospheric chemistry references6,7 cover second-
ary particle formation in detail. The term nuclei will be
reserved for the nanometer-sized particles initially formed
from gas-phase precursors. Accumulation mode will refer

to the 0.1- to 1-µm particles that have long lifetimes in
suspension because both diffusion and inertial removal
mechanisms are slowest in this size range. The term nucle-
ation mode, as used in the literature, often refers to tran-
sient concentrations of submicron particles, which are
nuclei that have undergone significant additional growth
by condensation and surface reaction. Depending on the
context, these particles will be referred to either as a tran-
sient mode, to emphasize their rapid transformation, or
as a condensation mode, to emphasize that they are de-
rived from vapor-phase material and not from the solid
or liquid residue of the fuel.

FUNDAMENTALS OF COMBUSTION-
GENERATED PM
The combustion sources of ambient particles include sta-
tionary boilers and furnaces, stationary and mobile inter-
nal combustion (IC) engines, fugitive emissions from
industrial processing, domestic fires, open burning, and
accidental fires. The primary particles consist of inorganic
or organic species, or a combination of the two. Combus-
tion aerosols are multimodal. The finest particles are pro-
duced by gas-to-particle conversions and form the nuclei,
or nanoparticles. These grow by coagulation and surface
growth into the “accumulation” mode. The larger

Figure 1. Roadmap to the particle formation and health effects topics discussed in this review.
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supermicron particles are produced from the inorganic
material that remains in the solid or liquid phase with
the fuel and is referred to as residual ash PM. The emis-
sions depend on the composition of the fuels, the com-
bustion conditions, and the effectiveness of any gas
cleaning devices that are used. The emissions of each class
of combustor are sufficiently different to merit separate
coverage in this review. However, the principles govern-
ing their formation are sufficiently alike to warrant col-
lective treatment in this introductory section.

The extensive literature on particle formation and
emission, based on both laboratory and field studies, is
summarized to show how operating and process condi-
tions affect the size distribution and composition of com-
bustion aerosols. The formation of fly ash from pulverized
coal-fired and oil-fired boilers, toxic metal emissions from
incinerators, and soot emissions from both stationary
combustion and IC engines have been studied extensively
and can serve as illustrative examples of the more general
processes taking place in all flames. Other important com-
bustion sources of particulate air pollution, such as do-
mestic heating and open burning, are not well
characterized compared with large boilers and furnaces
or mass-produced engines.

Simplified quantitative relationships give mechanis-
tic insights into the formation of the combustion aerosol
under typical conditions. For sufficiently high initial par-
ticle number, the evolving size distribution of the submi-
cron aerosol becomes independent of the number of
particles nucleated, and the aerosol characteristics can be
estimated from algebraic equations. The particle size dis-
tribution is determined by the volume fraction of the aero-
sol that is produced by initial nucleation and by
subsequent coagulation and surface growth. Mass trans-
fer limited surface growth can be predicted from the con-
centration of the condensing species. In multicomponent
systems, the growth from condensation and surface reac-
tion can be distinguished by the variation of chemical
composition with particle size. The final particle morphol-
ogy is determined by the ratio of time between collisions
and the time for coalescence of the contacting particles.

Particle Inception
There are four classes of particles that form from gas or
vapor precursors in combustion systems:

• inorganic particles produced at high temperatures,
• H2SO4 produced at exhaust temperatures,
• soot produced at high temperatures, and
• condensable organic particles produced at

exhaust temperatures.
Three of these, inorganic ash particles, H2SO4 droplets, and
condensable organics, involve homogeneous or heteroge-
neous nucleation. The total amount of condensation for

these three categories is well defined, being approximately
equal to the amount of initially vaporized material that is
in excess of equilibrium at the ambient temperature. For
soot, both the nucleation step and the amount of soot
are determined by detailed kinetics rather than by ther-
modynamic equilibrium.

Particle Inception by Nucleation
The nucleation step involves the transformation of a va-
por or liquid to clusters of the vapor “monomer” by a
series of reversible steps. The clusters will persist and grow
when the free energy change accompanying the phase
transformation is negative. The fundamentals of nucle-
ation are covered by Seinfeld and Pandis.6 They discuss
the dynamics of cluster formation and evaporation and
the formation of critical size nuclei using both classical
theory and more rigorous approaches. The critical size is
the boundary between incipient particles that are stable
and can continue to grow and unstable clusters that
redisperse into the gas phase.

In combustion systems, the nuclei are expected to
consist of clusters of relatively few atoms and to be of a
size of tenths of nanometers. Due to the Kelvin effect,8

the saturation vapor pressure increases as the particle size
decreases, and extremely high supersaturation ratios are
needed to make an organic liquid particle smaller than
10 nm stable. These high supersaturations can occur for
EC and for refractory metal oxides. It is likely that much
of the reported nucleation of condensable acid or organic
aerosols in combustion systems actually involves the
growth of inorganic ash or soot nuclei that are smaller
than the detection limit of the available instruments, re-
sulting in a sudden increase in measured particle num-
ber. The Kelvin effect assumes a continuum model and
predicts that saturation pressure goes to infinity as the
particle radius goes to zero. However, below a certain num-
ber of molecules, certain bulk properties, such as surface
tension, are no longer applicable.

The classical theory, which assigns bulk properties to
clusters, often predicts a critical nucleation size less than
the size of a molecule.9,10 The classical theory is of value
in showing the tendency to nucleate, but not in provid-
ing the size of the nuclei. More rigorous approaches are
available, such as using density function theory to calcu-
late the free energy of clusters.11,12 The nucleation steps in
combustion will be complicated by the strong tempera-
ture and concentration profiles in a flame and surround-
ing individual burning particles. The calculations of the
nucleation rate are further complicated by the mixtures
of condensable compounds present in combustion prod-
ucts, since the favored nuclei will be multicomponent13

and the presence of other particles can lead to heteroge-
neous nucleation.6 Fortunately, as pointed out by Flagan
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and Friedlander,14 since the time for the nucleation and
growth of particles is small relative to the total residence
time in a combustor, the details of the early nucleation
steps will, in most cases, have little impact on the final
number and size of the inorganic aerosols.

Nucleation versus Surface Growth
The competition between nucleation of new particles and
surface growth is an issue whenever combustion prod-
ucts with condensable vapors are cooled in the presence
of other aerosols. As the combustion products are cooled,
the supersaturated vapors can either condense on the
surfaces of existing particles or can form new nuclei. This
problem was addressed for pulverized coal combustion
by McNallan et al.,15 who modeled the supersaturation
versus time of gases cooling at various rates. They al-
lowed for condensation on the surfaces of existing par-
ticles and particle formation according to classical
nucleation theory. The criterion for nucleation was the
development of the supersaturation partial pressure nec-
essary to yield a nucleation rate of 1 particle/cm3/sec.
Assuming a pre-existing aerosol concentration of 1 g/m3

of 8 µm particles, which approximates the residual fly
ash encountered in pulverized coal combustion, and as-
suming an initial condition of silica vapors at equilib-
rium with pure silica at a temperature of 2400 K, they
predicted that nucleation of silica vapors will occur at
temperature of 2320 K for a cooling rate of 1000 K/sec,
or at 2240 K for a cooling rate of 600 K/sec. Nucleation
was not predicted to occur at 200 K/sec. They also exam-
ined the condensation of Na2SO4 and lead vapor and
concluded that nucleation would not occur for these
compounds in the presence of high-surface-area submi-
cron particles. Cooling rates in the burner region of boil-
ers are above 600 K/sec, so this simple analysis indicates
that refractory oxides, such as SiO2, will condense in the
flame zone to produce a high surface area aerosol, which
will prevent the subsequent nucleation of trace elements
in the colder exhaust gases.

Experiments with pulverized coal in laboratory reac-
tors show that nucleation occurs early in the flame zone
for both soot and inorganic particles.16–20 This is supported
by simple treatments of nucleation and growth of par-
ticles in a boundary layer.21–23 More detailed treatment of
nucleation in the boundary layer of a growing particle is
presented by Peshty et al.,24 who show that the correct
treatment should allow for heat release due to condensa-
tion, which tends to suppress the nucleation rate locally.

Temperatures decrease through the convection passes
of a steam-generation boiler and on into the stack plume,
and a point may be reached where H2SO4 is supersatu-
rated. Again, there is the potential to form new particles
by nucleation versus deposition on existing particles. This

is a concern because H2SO4 deposited as a layer on coal fly
ash has been shown to accentuate respiratory impair-
ment.25,26 H2SO4 condensation is an issue with both high-
sulfur and low-sulfur coals because the deposition of H2SO4

on particles by SO3 injection is used to control the resis-
tivity of fly ash in electrostatic precipitators (ESPs).

Another situation where nucleation versus surface
growth is important is H2SO4 condensation on soot or
metal oxide nuclei and the formation of ultrafine par-
ticles in the exhaust of diesel engines. The condensation
of the organics in diesel exhaust also has a major impact
on the size distribution of PM emissions.27 The effect of
particle transformations during cool-down and dilution
on reported size distributions will be discussed in the
measurements section.

Particle (Soot) Inception by Chemical Reaction
Soot, unlike the inorganic oxide particles and condens-
able organic PM, is produced by a sequence of chemical
reactions, some of which are essentially irreversible. The
chemical reactions result in clusters of increasing molecu-
lar weight that grow into the measurable size range where
the structures are considered particles. The smallest soot
particles that have been observed by electron microscopy
are in the range of 1–2 nm.28,29 A soot particle with a di-
ameter of 1.5 nm and a specific gravity of ~1.8 contains
~160 carbon atoms. For soot, particle inception is defined
as the particles first capable of measurement, in contrast
to the nucleation process where there is a critical particle
size at which nucleation occurs for a particular supersatu-
ration.

The vast literature on soot formation and oxidation
has been summarized in various reviews and specialized
conferences on soot.30–35 Despite the large amount of lit-
erature on soot, the models of soot formation are still
evolving. The three chemical kinetic components of a soot
model are particle inception, surface growth, and surface
oxidation. Coupled to the chemistry controlling the con-
version of molecular precursors into solid soot are the
physical models of particle coagulation and coalescence,
which determine the soot structure.

Soot forms under fuel-rich conditions in which hy-
drocarbon fragments have a greater chance of colliding
with other hydrocarbon fragments and growing, rather
than being oxidized to CO, H2, CO2, and H2O. At equilib-
rium, soot exists when C/O exceeds 1.0. Soot, however, is
observed in flames of premixed hydrocarbons in air at C/
O values of between 0.5 and 0.9.32 In diffusion flames,
soot forms even in the presence of excess air, since oxy-
gen-deficient conditions will always be found on the fuel
side of the flame front.

The reactions leading to soot are shown schematically
in Figure 2, which is based on Bockhorn30 and others. One
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of the critical steps in soot formation is the formation of
the first aromatic ring, usually benzene. It is for this rea-
son that fuels having a high aromatic hydrocarbon con-
tent form soot easily. This has been described in terms of
a threshold sooting index for various classes of organic
compounds.36 Molecular weight growth then proceeds
with the formation of polycyclic aromatic hydrocarbons
(PAH), which are considered to be precursors to soot. The
formation mechanisms proceed either through a sequence
of hydrogen abstractions and acetylene addition or by the
polymerization of the aromatic moieties that are pro-
duced.37,38 Both mechanisms occur in parallel. Positive ions
in the flame have been proposed as the initial nuclei sites
for soot particle formation.37,39

Particle Growth by Collisions
Once particles are formed by either nucleation or chemi-
cal reactions, they will grow by a combination of coagu-
lation and surface deposition. The consequences of
coagulation will be treated in this section. For the follow-
ing analysis, it is assumed that all the aerosol mass origi-
nates as n0 particles of diameter d0 at a time of zero and
that the particles coalesce on each collision. The evolu-
tion of the particle diameter with time is readily obtained
by applying the continuous coagulation equation6

     (1)

where n(v,t) is the number of particles of volume v at
time t, and K is the collision coefficient, which varies
with particle size. Equation 1 is a simplification of the
general dynamic equation40 for the limiting case of no
particle sources and no transport into the control vol-
ume. The first term in eq 1 corresponds to the produc-
tion of particles of volume v by collisions of all
combinations of smaller particles, (v – q) and q. The sec-
ond term is the loss of particles out of the size range by
collisions with all other particles. This form of the aero-
sol dynamic equation assumes that the initial particle
volume is vanishingly small compared to the system
volume (fv ≈ 0). Expressions for K are available for the
continuum, transition, and free molecular regimes, de-
pending upon whether the particle size is much larger
than, comparable to, or smaller than the mean free path
of the ambient gas.40,41

MAEROS is a widely used numerical code for simu-
lating multicomponent aerosol coagulation. MAEROS
solves eq 1 by approximating the polydisperse aerosol with
a series of constant size sections.42 Sectional methods do
not accurately model the behavior of the particle nuclei
or molecular clusters. Discrete-sectional methods treat
molecular clusters as discrete particles, then switch to a
sectional approximation for larger particles.43 Discrete-
sectional codes are the most accurate method for numeri-
cally solving the aerosol dynamic equation over the entire
size spectrum, but these methods are susceptible to prob-
lems with numerical diffusion, and care should be exer-
cised in their use.44 Analytical approximations for solving
eq 1 for polydisperse coagulation have been developed
by making simplifying approximations, such as by assum-
ing a lognormal size distribution.45,46 Other methods for
calculating multicomponent aerosol dynamics have also
been developed.47–50

For monodisperse aerosols, n(v – q) is 0, and n(v,t) =
n(q,t) = n, so eq 1 simplifies to

(2)

The collision rate increases with the square of the particle
number concentration and increases non-linearly with
decreasing particle size, since K varies with particle size in
the transition and free molecular regimes. This equation
can be solved to obtain the decay in number concentra-
tion as function of time

(3)

The characteristic time scale for coagulation, assuming K
is constant (valid in the continuum regime), is51

(4)
Figure 2. Kinetically limited chemical reactions and physical processes
involved in soot formation. Based on Bockhorn.30
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For n0Kt >> 1, the number of particles becomes indepen-
dent of n0, so the details of the initial nucleation rate are
not needed to calculate the final aerosol distribution.14

For a boiler with a residence time of 6 sec to the precipita-
tor, the asymptotic relations will be valid for n0 > 109 par-
ticles/cm3. U.S. coals average an ash content of 10%.
Typically, on the order of 1% of the ash vaporizes to pro-
duce the submicron fume. This yields values of n0 on the
order of 1014 particles/cm3 for 1-nm particles and 1011 par-
ticles/cm3 for 10-nm particles. Emission of 0.1% of the
fuel as soot will give about the same values of n0. The
coagulation coefficient, K, varies with particle size and
with gas temperature, so eq 3 is approximate. However, K
varies by less than an order of magnitude over the 10-nm
to 1-µm size range, and the initial nuclei number is or-
ders of magnitude higher than that needed to make n0Kt
> 1. The limiting formulae will be a reasonable model for
the submicron condensation aerosols formed by most sta-
tionary combustion systems.

In this limit, if the volume of aerosol formed per unit
volume of space is fv, then the particle diameter d(t) is
given by40

(5)

where K is a constant, given by 8kT/3η, for particles in
the continuum regime; k is the Boltzmann constant, and
η is the gas viscosity.

For the free molecular or kinetic regime, K is a known
function of the particle diameter and velocity. The equa-
tion for the rate of change in number density, for this
case and a fixed fv, is given by33

(6)

where

(7)

and ρ is particle density; G is the enhancement factor to
allow for the van der Waals acceleration factor that is a
function of the Hamaker constant,8,52 and it has a value
of about 2; and α is a factor to allow for the particle size
distribution, and it has a value of 5.66 for monodisperse
particles. The exponent of n of 11/6 in eq 6 versus the
exponent of 2 in eq 2 is a consequence of allowing for the
dependence of collision rate with particle size and the
constraint that fv is constant.

Friedlander and co-workers showed that, if allow-
ance is made for the polydisperse particles, a self-pre-
serving size distribution is approached.40,53 For this case,
the particles have a narrow size distribution with a geo-
metric standard deviation of 1.37 for the diameter, and

the coefficient α has a value of 6.55, not very different from
the value of 5.66 for a monodisperse aerosol. Solution of
eq 6 for a fixed volume fraction of aerosols fv then yields
the following relations for particle number and particle size:

(8)

(9)

The evolution of particles following these approximate
equations has been demonstrated in small-scale studies of
aerosols formed from combustion systems for fly ash from
coal22,54,55 and soot particles30,56,57 and waste combustors.58,59

As shown by eqs 8 and 9, the number and size of
particles can be determined for n0kt >> 1 if the amount of
material in the form of the aerosol is known. When fv is
measured from the total amount of submicron ash col-
lected, good agreement is observed between theory and
experiment, both for the particle size distribution of the
submicron ash55 and the dependence of the mean par-
ticle diameter on fv.

22

The value of fv for the mineral matter is determined
by the vaporization kinetics, and is a function of tem-
perature and environment to which the minerals are ex-
posed. The mass of the submicron aerosol is usually
dominated by the refractory and alkali metal oxides.54,60,61

At typical combustion temperatures, the burning rate of
a particle is limited by gas-phase diffusion, and the par-
ticle is surrounded by a CO-rich reducing atmosphere.
The vaporization of the refractory metal oxides is aug-
mented by the reduction of the oxides by CO to form
suboxides such as SiO and Al2O and elemental metals
such as Fe, Ca, and Mg. The suboxides and metals will
diffuse through the particle boundary layer into the bulk
gas where they are oxidized and condense to produce
the submicron aerosols. The vaporization rate is strongly
temperature-dependent55,62–64 so that the amount of sub-
micron aerosol will vary with combustion conditions.
The vaporization of elements is complicated by their in-
teraction with the minerals in the coal. Sodium, for ex-
ample, will have its vaporization suppressed either
because it may be originally present in sodium alumino-
silicates or because it is captured by the alumina silicates
after release.65–67

Particle Growth by Condensation and
Surface Reaction

Vaporized elements distribute on the surfaces of existing
submicron and residual ash particles by condensation and
chemical reaction. The rate of mass addition to a spheri-
cal particle for mass-transfer limited deposition over the
entire range of particle size is given by the Fuchs-Sutugin
interpolation equation:6,41
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(10)

where c
∞
 is the concentration of the condensing species,

MW its molecular weight, D its diffusivity, and Kn the
Knudsen number, defined as the ratio of the mean free
path in the gas to the particle diameter dp.

For the case in which the rate of deposition is con-
trolled by chemical reaction, the mass flux to the surface
is independent of mass transfer and is given by

(11)

where MW is the molecular weight of the depositing spe-
cies, C is the concentration in the gas, and ks is the rate of
surface reaction. The literature also covers the cases of
combined mass transfer and surface kinetics and the ad-
ditional complication of pore diffusion in porous sur-
faces.33,68,69

Because of the higher surface area per unit mass,
smaller particles tend to be enriched in the compounds
that condense or deposit on the surface. The trace ele-
ments in coal and waste tend to deposit without signifi-
cantly changing the particle size distribution. For this case,
the mass concentration of the depositing species can be
readily calculated by integrating the mass deposition of
the depositing species along an ash particle trajectory and
dividing the mass deposited by the mass of the ash par-
ticle, that is,

(12)

Applying eqs 10–12 to the trace elements shows that con-
centration of trace elements on the surface of the ash can
be described as a power function of size, with the concen-
tration increasing as the particle size decreases. The mass
concentration dependence upon particle size is therefore
proportional to 1/dn, where the exponent n for the limit-
ing cases is given in Table 1.

An added case is that of a porous particle with chemi-
cal kinetics controlling. For this case, the amount of reac-
tion is proportional to volume, and the concentration of
the trace reacting species will be independent of particle
size. The dependence will be different for the submicron
and supermicron particles since these straddle the gas
mean free path in size. The gas mean free path varies from
~0.2 µm at ambient conditions to ~1 µm at combustion
conditions, so that ultrafine particles will generally have
Kn >> 1 and supermicron particles Kn << 1. Given that
the Kn is the mean free path in the gas (a constant) di-
vided by the particle diameter, eq 10 shows that dm/dt is
proportional to d for Kn << 1 and to d2 for Kn >> 1.

The early studies on the size-dependent concentra-
tion of elements in fly ash70–72 all were performed for
supermicron particles and showed the 1/d2 size depen-
dence expected for mass transfer-controlled condensation.
Some studies21,73 have shown the difference in the depen-
dence on particle size of the trace volatile element con-
centration between the submicron and supermicron
fractions. Other studies have shown an enrichment of the
smaller particle sizes in the trace volatile ele-
ments.21,54,60,61,66,69–72,74–84

The reasons for attention to the size dependence of
trace element concentration are that (1) this provides a
diagnostic for the mechanism of surface deposition; (2)
the enrichment of submicron particles in certain elements
affects the total capture efficiency of that element in the
APCDs; and (3) elemental concentrations affect the chemi-
cal speciation, which can be important for health effects.

The exponent n that best fits the variation of elemen-
tal concentration with size can be used to determine the
mechanism of deposition, for example, whether it is con-
densation or surface reaction. Haynes et al.69 deduced from
the size dependence of particle composition that the depo-
sition of As and Sb was controlled by chemical reaction.
More extensive studies of the size dependence of the depo-
sition have been carried out85–87 showing that As, Se, and
Sb react with the fly ash to an extent that depends on ash
composition, thus leading to a coal-dependent partition-
ing of the elements between the submicron and
supermicron ash.

Elements that deposit by surface reaction or surface
condensation are expected to be enriched in the surface
layers. Studies using surface spectroscopic techniques
have shown that the surface layers of both the
supermicron88 and submicron21 ash particles are enriched
in the trace elements. By ion milling of the particles,
one can show the stratification that results from the se-
quential deposition of elements. The implications of this
surface stratification to particle toxicology will be dis-
cussed later in this review.

To model the partitioning of trace elements in com-
bustion, one needs the particle size distribution of the sub-
micron and supermicron ash and the amount of each of

Table 1. Exponent n in size-dependent mass concentration of trace species: con-
centration ∝ (1/dn)

Controlling Mechanism Particle Size Exponent n

External Mass Transfer Ultrafine (Kn >> 1) 1
External Mass Transfer Supermicron (Kn << 1) 2
External Surface Kinetics All Sizes 1
Internal Surface Kinetics All Sizes 0
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the trace elements vaporized. Models of the vaporization
of trace elements based on equilibrium assumptions89–91

have been developed for the vaporization and subsequent
condensation or chemical surface reaction of trace elements.

The models are based on the assumption of equilib-
rium between the trace species and the vapor and the
residual ash in the combustor. Subsequent condensation
and reaction of the trace species is also taken into ac-
count. In the model by Sandelin and Backman, two re-
actors in series are considered to represent the radiant
section of a boiler and the ESP, respectively.90 The parti-
tioning of trace elements in the radiant chamber is cal-
culated for a given fuel composition and fuel/air ratio
from equilibrium for an assumed distribution of bottom
and fly ash and the temperature of the radiant chamber.
The distribution of the elements from the ESP is obtained
from the temperature in the precipitator and the ash
collection efficiency.

Simulations carried out for a boiler for As, Cd, Hg,
Ni, Pb, Se, V, and Zn were found to be in reasonable agree-
ment with experimental observations on an operating
power plant. In the paper by Yousif et al., the metal parti-
tioning was calculated by a post processor using input
obtained from a computational fluid dynamic simulation
of a boiler.91 The major mass of the ash is distributed be-
tween the residual fly ash and submicron ash as inlet con-
ditions. The trace species are assumed to be released at a
rate proportional to the char burning rate. The concen-
tration distribution of the trace species is then calculated,
allowing for condensation on surfaces and nucleation. The
vapor species were assumed to be in equilibrium. Simula-
tions were carried out for Pb and Cd, and their distribu-
tion between the residual and submicron ash was found
to be in good agreement with experiments on a pilot scale
combustor fired with coal and sewage sludge. Nucleation
was not found to occur, as the supersaturation did not
reach the critical level.

Most studies of trace metals from coal combustion
(including some by the co-authors) have reported elemen-
tal concentration or enrichment factors since this is what
is directly measured by the chemical analysis. Enrichment
factor is defined as the concentration of an element in a
particular size fraction (e.g., the submicron ash) divided
by the average concentration for that element in the to-
tal ash. The measured concentration is controlled by the
mass balance, and an element may be reported as being
depleted in the submicrometer ash solely because of dilu-
tion by another element. For example, alkali metals domi-
nate the submicrometer ash from low rank coal, while
carbon dominates the particulate emissions from oil and
biomass combustion. The raw concentration of transition
metals in the total ash from oil combustion is largely an
artifact of the combustion efficiency, not a result of the

metal vaporization. The relative amounts of elements may
be relevant for some health-related studies since the min-
eral form and valance state of the trace element is often
sufficiently described by the equilibrium composition in
the bulk ash matrix. For other types of health studies, the
absolute amount emitted is of concern. While elemen-
tal concentration data is useful, including sufficient data
in a publication to calculate a mass balance greatly en-
hances the value of the particle composition data for
reuse in both aerosol formation mechanism and toxi-
cology studies.

Particle Morphology
Soot and submicron ash particles often consist of aggre-
gates of 10–30 nm primary particles. It is important to
understand what determines the structure of these par-
ticles, since the aggregate size determines the aerodynamic
behavior of the particles while the primary particle size
determines the surface area.

The coagulation theory described above assumes that
particles coalesce on collision. This assumption is valid as
long as the coalescence time is short compared with the
time between particle collisions. For inorganic particles,
coalescence times can be calculated assuming surface ten-
sion-driven viscous flow using the theory of Frenkel

(13)

where η is the viscosity, and γ the surface tension. Alter-
natively, the coalescence time can be determined by solid-
state sintering92,93

(14)

where DL/L0 is the fractional shrinkage in diameter of two
spheres, D* is the self-diffusion coefficient for the mobile
species, and a3 is the atomic volume of a diffusing va-
cancy. As long as the characteristic coalescence time is
much smaller than the time between collisions, the par-
ticles will coalesce and maintain their sphericity. The coa-
lescence time increases because of the increase in particle
diameter and the decrease in temperature (leading to an
increase in η or a decrease in D*). After a time, which
depends on the combustion conditions, the colliding par-
ticles will begin to form aggregates. This transition has
been studied for coal combustion aerosols and for the
flame synthesis of particles.19,94–96

The aggregates that are produced have a fractal dimen-
sion, Df, which provides the scaling parameter relating the
number of particles na in an aggregate to the ratio of the
radius of gyration rg and the primary particle size r0:

95

(15)
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where Df has values of 3 for a solid sphere and of 1 for a
string of particles. For soot and submicron ash particles,
the value of Df is about 1.7.95,97,98 The theory for the co-
agulation of aerosols has been extended to aggregates, and
a two-dimensional solution was obtained allowing for
coagulation and sintering.99,100 Application of this theory
shows the aggregates still assume a self-preserving size
distribution but with a wider size distribution than that
for spherical particles.

For soot particles, there are several hypotheses for
the formation of aggregates.37,39,101 One of these is that
the soot precursor particles are liquid polymers38 and will
coalesce after collision. In parallel, the liquid polymers
will dehydrogenate and their viscosity will increase, lead-
ing to a transition from coalescence to aggregation simi-
lar to that described above for inorganic aerosols. A
second hypothesis37 is that the soot particles form as a
solid, then collide and aggregate. Surface growth occurs
in parallel with growth by collisions. If the surface growth
is sufficiently rapid, the particles in the growing aggre-
gate will be immersed in the deposited carbon and the
resulting structure will appear as a spherical particle.
Numerical simulations support this hypothesis when
realistic values of surface growth and coagulation are
used.37 As the particle size increases, and as the species
contributing to surface deposition are depleted, the rate
of surface growth due to deposition will decrease. After
this point, the soot particles will develop as aggregates
with a fractal structure.

The final particle morphology at the exit of the high-
temperature zone is the result of multiple processes. The
characteristic times for these processes can be readily pre-
dicted, and examination of particle morphology gives a
good indication of which processes are dominant for the
given situation. This type of analysis was applied to the
behavior of sorbents for toxic metal control.102

Residual Ash Formation
Submicrometer particles dominate the number count
of particles emitted by combustion sources and very
often dominate the surface area as well, but the mass
of PM emissions is usually dominated by the organic or
inorganic residue of material that remained in a solid
or liquid phase throughout combustion. These particles
are referred to as residual ash. The residual ash forma-
tion process differs from the formation of the
submicrometer particles by molecular weight growth
processes for soot and by vaporization and condensa-
tion for inorganic ash, as described above. The total
amount of noncombustible minerals in the residual ash
is determined by the mass balance, and the total amount
of carbonaceous material in the residual ash is deter-
mined by the combustion efficiency.

Most fossil fuels contain inorganic components. For
U.S. coals, this inorganic content constitutes ~10% on
average of the mass. For petroleum, the maximum ash
mass ranges from 0.05% for a light No. 4 oil to 0.15% for
a No. 5 fuel oil; a typical value No. 6 or residual oil ash
content is 0.8%.103 A representative ash content for wood
is 2.5%, but it varies widely.

Figure 3 illustrates the major processes affecting the
formation of submicron and supermicron ash during the
combustion of coal, biomass, and oil.69,73 The mass of par-
ticle emissions measured at the combustion chamber exit
is determined by a number of complicating factors. The
first is that, depending upon the type of combustor, only
a fraction of the total ash content in the fuel is carried
over with the combustion gases as fly ash. The so-called
bottom ash is deposited in the ash hopper on the floor of
a suspension-fired furnace or is dropped off the end of
the grate in a stoker-fired furnace. The ash entering the
particulate control equipment downstream from coal-fired
boilers varies from 10% of the total fuel ash content for
cyclone or wet-bottom furnaces to 85% for dry-bottom
pulverized coal-fired furnaces. The fly ash particle size
distribution is multimodal. The factors that control the
residual ash size distribution will be discussed below for
the case of pulverized coal-fired systems, partly because
pulverized coal has been most extensively studied, and
partly because these boilers account for a large portion of
the primary energy production worldwide.

The noncombustible matter in pulverized coal in-
cludes mineral grains of clays, pyrites, and quartz that
vary in size from less than a micron to the largest sizes
that can pass through the pulverizers, which is over 300
µm. Part of the inorganic matter is included in the coal
matrix as discrete crystals, some is incorporated in the
organic matrix as organo-metallic complexes or as ion-
exchanged metals bound to the organic acids, and some
of the minerals are present as extraneous particles. These
forms of inorganic matter are shown schematically in Fig-
ure 4.104 Detailed characterizations of the mineral con-
tent of coals have been conducted by computer-controlled
scanning electron microscopy (CCSEM) by a number of
research groups.105–111 An example of the mineral size dis-
tributions as determined by CCSEM is provided in Figure
5, which shows the size distribution of mineral inclusions
in raw Kentucky No. 11 coal. The kaolinite and illite in-
clusions are found in the smaller particle sizes while cal-
cite and pyrites are in the larger particle sizes. Quartz and
mixed silicates are distributed over all size ranges.

Given the mineral distribution within the pulverized
coal, one can calculate the ash particle size distribution us-
ing a material balance. Assume a coal particle of density ρc

and diameter dc, and a mass fraction fa yields n ash particles
of density ρa and diameter da. A mass balance then yields the
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following expression for the diameter of the ash particle:

(16)

To apply this simplified relationship, assume that the coal
specific gravity is constant and equal to 1.3, that the ash
specific gravity is constant and has a value typical of glass

of ~2.5, and that each coal particle yields one ash par-
ticle, that is, that n = 1. For these assumptions, a typical
U.S. coal with 10% ash (fa = 0.1) yields a ratio of the ash
particle diameter to the coal particle diameter, da/dc, of
0.37. A pulverized coal with a mean coal particle diam-
eter of 50 µm would yield a mean ash diameter of ~19 µm

Figure 3. Formation of inorganic submicron and supermicron particles during combustion of solid and liquid fuels. Submicron particles are formed
by the vaporization–nucleation–coagulation pathway. Supermicron particles are formed by the residual ash pathway. Based on earlier versions.69,73

Figure 4. Classification scheme for describing the modes of elemental
occurence in coal. Reproduced by permission of Elsevier Science.104

Figure 5. Size distribution of minerals in Kentucky coal. Quartz,
kaolinite, and illite are concentrated in the smaller size fractions, while
pyrite and calcite are concentrated in the larger sizes. Based on data
in ref 111.
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under these assumptions. This is a reasonable default
value, but the actual transformation mechanisms are more
complicated. One needs to account for the different ash
content of each coal particle, which will result in varia-
tions in both fa and rc. The fragmentation of coal char dur-
ing combustion and the incomplete coalescence of mineral
droplets on the shrinking surface both yield values of n
other than unity. Also, the ash particle density ρa varies
due to changes in composition of individual ash particles
and to the presence of gas bubbles within the ash.112–114

The mineral inclusions are not distributed evenly be-
tween different coal particles. Some particles are nearly in-
clusion-free and some of the particles are pure minerals (the
extraneous ash). The actual distribution of the minerals be-
tween the different coal particles is provided by CCSEM.109,115

If such information is not available, an approximate distri-
bution can be obtained by assuming that the minerals are
randomly distributed between coal particles.116–119 The ash
particles will have a particle-to-particle variation in compo-
sition that will reflect the variation in the mineral content
of the individual coal particles from which they are pro-
duced. This is illustrated in Figures 6 and 7, which show the
Al, Si, and Fe distributions both in the parent coal minerals
and in the resulting fly ash, respectively.

The number of ash particles, n, produced by a coal
particle will depend upon the competition between coa-
lescence of molten mineral inclusions and fragmentation
of the char particle during combustion. The ash produced
by the mineral inclusions in coal will adhere to the char
surface as it burns and will coalesce with other ash par-
ticles as the char surface recedes.120 The fragmentation of
chars has been shown to depend upon the macroporosity
of the chars114 and therefore upon the swelling behavior of
coals, dependent upon coal-specific pyrolysis behavior.

While complex models have been developed to predict frag-
mentation behavior,113,121–124 validation of these models has
been limited, and complicating factors such as adhesive
forces have been neglected in past analyses.125 The models
provide useful qualitative information but cannot predict
quantitative trends with confidence. The fragmentation
scales with the ratio of the volume fraction of ash in the
char to the void fraction, Λ.122 For high values of Λ, frag-
mentation is negligible, and one ash particle is produced
per coal particle. For low values of Λ, extensive fragmenta-
tion occurs, and each mineral inclusion produces a sepa-
rate ash particle. These trends are well illustrated by the
results of Wu et al., who showed that as pressure increases
during pulverized coal combustion, the macroporosity in-
creases and the ash produced becomes finer.126

The particle-to-particle variation in particle density
is an added complication. Figure 7 shows that a typical
ash sample is a mixture of particle compositions. A num-
ber of the ash particles have high iron content and may
be expected to have densities more than twice that of
the aluminosilicate-rich particles. In addition, a large
number of the particles will form cenospheres (hollow
spheres) or plerospheres (hollow sphere surrounding a
number of spherical ash particles).83,112,127,128 The mecha-
nism for the cenosphere is the formation of gas within
the ash particle in a temperature window where the vis-
cosity is low enough to favor the bubble growth but
not so low as to have the gas escape and the bubble
collapse. One mechanism for cenosphere formation
identified by Raask128 is the reaction within the ash of
iron oxide with carbon to form CO. The cenospheres
can grow to sizes up to 300 µm. Up to 5% of the fly ash
has been observed to form cenospheres having a spe-
cific gravity less than 1.0.112,128 If a 50-µm particle with

Figure 6. Si-Al-Fe ternary diagram showing typical composition ranges
from minerals in coal. Reproduced by permission of Engineering
Foundation.111

Figure 7. Measured elemental compositions in individual coal fly ash
particles. Reproduced by permission of Engineering Foundation.111
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a specific gravity of 2.5 formed a cenosphere with an
outer diameter of 100 µm, the wall thickness would be
~2 µm and the specific gravity of the particle would be
0.625. The wall thickness decreases with the square of
the diameter of the cenosphere and therefore will be
submicrometer for the largest cenospheres (>300-µm
diameter). Indeed, it has been postulated83 that one
source of the submicrometer particles is provided by
the fragments of cenosphere shells.

It can be seen that the multimodal distribution of
combustion particles is governed by a number of fac-
tors. The submicrometer fraction is generated by the va-
porization and condensation of particles and, to a lesser
extent, the fragmentation of cenospheres. The
supermicrometer particle size distribution is governed
by the size distribution of the coal, the mineral matter
distribution within each size fraction, the fragmentation
of the char during combustion, and the formation of
cenospheres. Although the processes governing the size
distribution of fly ash are well understood qualitatively,
they are sometimes difficult to quantify, most particu-
larly the char fragmentation during combustion. The
simple models of one ash particle per mineral inclusion
and one ash particle per coal particle provide limiting
solutions for the impact of fragmentation. A compari-
son of experimental data with these limiting solutions
is shown in Figure 8 for one case. Because of the impor-
tance of fly ash as an additive for concrete manufacture,
there are extensive compilations of fly ash size distribu-
tion and composition.129,130

 Special Considerations for Large
and Small Particles

Combustion particle diameters range from nanometers
to millimeters, a size range which represents a mass range

of a factor of 1018. Special considerations are needed for
both size extremes. The behavior of the largest particles is
dominated by gravity settling, and they are usually con-
sidered as bottom ash rather than as aerosols, but this is
an arbitrary distinction from a particle formation stand-
point. Most reported measurements of combustion par-
ticles from coal, biomass, and even from oil are truncated
at the upper end by the cutoff of the sampling apparatus.
While these macroscopic particles are of no concern for
inhalation toxicology, they are important for closing mass
balances in both laboratory and full-scale measurements.

The fume formed by nucleation and condensation of
vaporized ash, ash, and organic materials is typically a
combination of true nuclei, a transient mode of nuclei
that have undergone coagulation and surface growth, and
accumulation-mode particles, depending on the relation-
ship between the characteristic time for coagulation and
the age of the aerosol when it arrives at the sizing instru-
ment. Combustion particle number size distributions of-
ten show a truncated curve with the number of particles
in each size range still increasing as the small size limit of
the instrument is reached. This suggests a pool of par-
ticles exists below the 5–10 nm cutoff131 of most current
particle-size instruments.

Recently, the existence of high concentrations of 1–2
nm combustion particles has been reported.132,133 These
particles cannot be detected by most instruments used
for studying submicron aerosols, but can be detected by
light scattering and absorption in the near UV. They have
a longer life span than would be expected from the co-
agulation rates discussed above. In the conventional co-
agulation models, the assumption is made that the sticking
coefficient is unity; that is, every collision results in coa-
lescence or aggregation. This is a reasonable assumption
for accumulation mode particles; however, nuclei particles
on the order of 1–2 nm may have lower sticking coeffi-
cients, as was shown by Narsimhan and Ruckenstein in a
theoretical study of equal-sized neutral particles that con-
sidered the competing effects of van der Waals attraction
and Born repulsion.134

Acid Aerosols
H2SO4 may be considered as either a gas-phase or par-
ticle emission depending on the sampling method. Some
portion of the total sulfur in the fuel is converted to SO3

and forms H2SO4 in the presence of water in the hot com-
bustion products. The dew point of H2SO4 in the undi-
luted combustion products from fossil fuels is much
higher than ambient temperature, and the acid may
nucleate and condense to form aerosol particles as the
gas is diluted and cooled, either in the unconfined stack
plume or in a dilution sampler. Filter-based particle mass
measurement methods in which the undiluted gas is

Figure 8. Ash particle size distributions (PSDs), model (solid and heavy
dashed line) vs. experiment (symbols) for Upper Freeport coal.
Reproduced by permission of Engineering Foundation.111
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passed through a heated sample train can result in the
acid remaining in the gas phase. On-line particle number
measurements typically require diluting the stack gas to
bring the concentration within the range of the instru-
ment, and this results in the acid being measured as PM.

The amount of acid aerosol formed depends on the
partitioning of sulfur between SO2 and SO3 and on the
temperature and humidity of the dilutant gas. The for-
mation of SO3 is kinetically limited and can be enhanced
by catalytic reactions with metals in coal combustion
ash135 or in catalytic NOx reduction equipment. Typical
acid dew points for coal combustion are 380–395 K.136 For
aircraft engines at cruise altitude, the SO3 measurements
are much higher than expected based on hydroxyl and
atomic oxygen reaction rates, suggesting another, possi-
bly heterogeneous, pathway.137 The influence of dilution
conditions on aerosol formation are discussed in the mea-
surements section.

Particle Shrinkage by Evaporation
and Oxidation

Unlike inorganic oxide particles, which are stable under
post-combustion conditions, both condensable aerosol
and soot mass can decrease after particles are formed. The
organic aerosol, H2SO4 aerosol, and hydrated species can
evaporate at rates that are well described by local phase
equilibrium and diffusion mass transfer rate equations.
Soot is destroyed in the flame by oxidation, and soot
emissions are much lower than the initial soot volume
fraction that occurs in the fuel-rich zones. The rate of soot
oxidation can be estimated from the semiempirical ki-
netic formula proposed by Nagle and Strickland-Con-
stable.138 However, this correlation overstates soot
oxidation at temperatures below 1800 K34 and understates
the oxidation rate in low-oxygen conditions where OH
radicals are important.33 The fractal aggregate structure
typical of soot particles further complicates soot oxida-
tion estimates because simple spherically symmetric mass
diffusion equations are a poor approximation.

CONTROL DEVICES
The particles emitted from the stack will have a size and
composition distribution very different from that in the
combustion system because of the size-dependent collec-
tion efficiency of any APCD equipment. Historically, the
combustion and atmospheric emission research commu-
nities have been uncoupled. Combustion researchers gen-
erally concentrate on the particulate formation in the
flame zone of laboratory and pilot-scale equipment, since
this allows close control of experimental conditions. Most
field emission studies focus on measurements in the stack,
since stack PM is of regulatory concern. Measurements of
uncontrolled emissions at the exit of an industrial-scale

combustion chamber are difficult and expensive, so data
are seldom collected. The particle emission mass measured
downstream of modern, high-efficiency particle-removal
equipment largely reflects variations in gas-cleaning effi-
ciency, not changes in combustion conditions. However,
some details of the primary combustion particles, such as
particle morphology and elemental concentration within
an aerodynamic size range, are preserved from the com-
bustion chamber to the stack. A few researchers have stud-
ied the particles upstream and downstream of the APCD.
For example, Itkonen and Jantunen present graphs of el-
emental size distribution upstream and downstream of
the ESP from a plant that co-fired peat and oil.139 These
studies provide an important link between particle for-
mation in combustion and human health impacts.

Gas-cleaning equipment for particle removal includes
cyclones, fabric filters, ESPs, and scrubbers on stationary
furnaces. Internal combustion engines are equipped with
catalytic converters, and particle traps are coming into
commercial use on diesels. Particle removal requires some
combination of inertial separation, which becomes more
efficient with increasing particle size, and diffusion to a
solid or liquid collection surface, which becomes more
efficient with decreasing particle size. The result is that
the removal efficiency of particles from air is least effi-
cient in an intermediate size range from 0.1 to 1 µm. This
minimum PM removal efficiency is observed in post-com-
bustion cleanup equipment at the source, in the atmo-
sphere, and in the respiratory system. The fundamental
physics of these particle removal processes are covered in
aerosol texts,51 and the related equipment design and per-
formance equations are covered in air pollution control
handbooks.140–142 The stack emissions of specific combus-
tion particle types depends on both concentration of par-
ticles in each size range at the combustion chamber exit
and on the size-dependent collection efficiency in the gas-
cleaning equipment. Understanding the particle size and
composition at the source allows developing computa-
tional models that can predict practical information such
as the penetration of each trace element through an ESP
installed on a coal-fired power plant.143

The collection efficiencies of three types of particle
collectors are shown in Figure 9.144 The minimum effi-
ciency for all three devices is in the range between the
regimes of deposition by inertial and diffusional processes.
For a given technology, the actual efficiencies will, of
course, vary widely with changes in design and opera-
tional parameters. A measure of the wide variation in the
penetration of particles through operating ESPs at power
plants is provided by Helble143 and summarized in Figure
10. Again, the peak penetration occurs in the 0.1- to 1-µm
size range, where the particle size is comparable to the
mean free path of the gas. The collection efficiency of the



Lighty, Veranth, and Sarofim

Volume 50  September 2000 Journal of the Air & Waste Management Association  1579

smallest particles by an ESP is reduced because a portion
of the incoming ultrafine particles do not receive a charge
(partial charging).145–147 However, in the ultrafine size
range, diffusion and particle growth by condensation of
water vapor become important removal mechanisms.

Since the collection efficiency of a particle control de-
vice is size-dependent, the varying partitioning of elements
between the submicron particles, residual fly ash, and va-
por will lead to a wide range of elemental collection

efficiencies that will differ from the overall PM collection.
Kauppinen and Pakkanen reported the emissions of 17
elements by particle size based on measurements in the
stack of a coal-fired power plant equipped with an ESP.148

Three elements are shown in Figure 11. Aluminum is
found in the supermicron particles, while sulfur is found
in particles smaller than 0.1 µm. Cadmium shows a bi-
modal distribution.

Extensive data have been obtained by EPRI and the
U.S. Department of Energy (DOE) on the collection effi-
ciencies of coal-fired utility boilers for the elements regu-
lated under the Air Toxics provision of the Clean Air Act

Figure 9. Removal efficiency of three common particle removal
technologies used on large stationary combustion systems.
Reproduced by permission of IEA.144

Figure 10. Summary of studies reporting penetration of coal fly ash
through an ESP. Reproduced by permission of Elsevier Science.143

Figure 11. Distribution of selected elements by particle size as
measured in the stack of a power plant equipped with an ESP. Some
elements, such as Al, are concentrated in the large particles, while
others, such as S, are concentrated in the submicron particles. Some
elements show a bimodal size distribution. Replotted from more
complete data presented by Kauppinen and Pakkanen.148
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Amendments.149–151 These data will be used to illustrate
the relationship between combustion emissions and stack
emissions. The data on the collection efficiencies of par-
ticles and elements in ESPs compiled by Helble143 is sum-
marized in Table 2. The collection efficiency for some
elements approaches the overall particle collection effi-
ciency. Elements enriched in the fine particles have a
slightly lower collection efficiency. Metals with high va-
por pressure, Hg and Se, have a much lower collection
efficiency across the ESP than the total particle removal.
A wet scrubber for SO2 removal also selectively removes
species adsorbed on particles and can cause chemical re-
actions on the particles by humidification at moderate
temperature and entrainment of chemicals from the sor-
bent solution.152 Additional aqueous-phase and photo-
chemical reactions can take place in the stack plume and
atmosphere.

Correlations between the emissions of elements from
a boiler with the mass of elements fed with the coal150 do
not provide any insights on the effect of combustion con-
ditions on the emissions. It is desirable to develop mod-
els to determine how the emissions are influenced by
changes in combustion operating and design parameters.
Laboratory studies have provided the mechanism for va-
porization and condensation processes that govern the
size and composition of the ash that can be used to de-
velop ash transformation models. To be able to determine
the effect of changing combustion modifications or chang-
ing APCD performance, one needs to combine a size-de-
pendent model of emissions with a size-dependent model
of APCD performance. Such a model has been developed
by Helble in his retrospective analysis of the EPRI and
DOE field studies of air toxics emissions.143 For the funda-
mental combustion particle studies to be useful to the
regulatory and health communities, more attention needs
to be paid to the role of the downstream heat transfer

sections, the APCD, and the initial plume condensation
in modifying composition and size distribution of the
emissions from the combustor. Until suitable integrated
computational models of the downstream processes are
available, the best measures of the contribution to hu-
man exposure from various combustion sources will be
empirical data from stack or exhaust measurements.

A summary of the emissions from these four differ-
ent combustion applications follows. It should be noted
that there is wide variability in both the source PM and in
the downstream particle removal efficiency depending on
fuel type and combustor size. Coal-fired boilers are
equipped with high-efficiency APCD and emit particles
enriched in the 0.1–1 µm range, where the particle re-
moval efficiency is at a minimum. Oil-fired boilers often
do not have any APCD because of the low ash and sulfur
content of the fuel. As a consequence, large particles, such
as coked fuel residue, may be emitted in addition to the
submicron condensation aerosols. Small combustors, such
as fireplaces and open burning, do not have any particle
control devices.

SPECIFIC COMBUSTION APPLICATIONS
This section discusses the particle emissions entering the
atmosphere from various practical combustion applica-
tions, both with and without post-combustion particle re-
moval and gas cleaning. Typical data on PM mass emissions,
size distribution, and composition are provided for conve-
nient reference. The citations can serve as a starting point
for a literature search, but a comprehensive review of the
literature for each of these individual applications is not
attempted. The extensive compilation of combustion emis-
sion factors prepared by the EPA153 emphasizes PM10 mass
and provides little data on particle number distribution or
on chemical composition of the PM.

Residential and Commercial
Boilers and Furnaces

Distillate fuels, generally kerosene and No. 2 fuel oil, are
widely used for domestic and process heat in areas where
natural gas is unavailable. Direct population exposure to
oil combustion emissions occurs because the fuel is burned
in populated areas, and the furnaces do not have post-
combustion particulate controls. The PM is mainly sul-
fate aerosol from fuel sulfur and soot plus organic aerosol
from incomplete combustion. The ash content of distil-
late fuel is small, but not zero, so the emissions also con-
tain inorganic components. In a study of homes with and
without kerosene space heaters, the kerosene heaters were
estimated to add ~40 µg/m3 of total PM2.5 and 15 µg/m3 of
SO4

2– to the indoor air.154 Hildemann reported that the
emission factor for particles smaller than 0.7 µm from an
industrial-scale boiler fired with No. 2 fuel oil was 8 µg/kJ

Table 2. Field data on trace element capture efficiencies in ESP.

Element ESP Capture Metal Capture/
Efficiency Particle Capture

Vapor-Phase Metals
Hg 28.9% 0.29
Se 49.1% 0.49
Fine-Particle Enriched
As 96.1% 0.969
Pb 96.8% 0.976
Not Enriched in Fine PM
Co 98.2% 0.992
Mn 98.5% 0.993

Note: Elemental capture in the ESP depends on the size-dependent partitioning of the
metal to particles. Data from Helble.143
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of fuel.155 These boiler emissions contained a mode near
50 nm and a larger mode near 0.5 µm. The fine particles
consisted of about 32% sulfates, 29% EC, 6% organics,
6% NH4

+, and 3% other ionic and oxidized trace species
(mainly SiO2, Al2O3, Fe2O3 and Na+).156 The balance of the
mass was in unidentified substances and may have in-
cluded water in the form of hydrolyzed compounds. De-
tailed composition of the organic carbon (OC) portion of
oil-boiler PM was also reported.157

Residual Oil Fly Ash
Residual fuel oil is a highly viscous product that has a
much higher ash content than distillate fuels, since the
metals in the crude oil, as well as contamination from
refinery catalysts and equipment, are concentrated in this
fraction. Residual fuel oil is burned in some power plants,
for example, in the eastern United States. Similar heavy
fuel oil grades, Bunker C and marine diesel, are burned
on ships, and these emissions are suspected to have a sig-
nificant air quality impact on coastal cities. Metal mobili-
zation from residual oil fly ash has been extensively
studied158–160 because of the high content of V and Ni,
which is different than other combustion PM.

The emissions from residual oil are multimodal, with
a mode centered at 70–80 nm, but with most of the mass
in a residual ash mode composed of cenospheric carbon-
rich particles extending beyond 100 µm in diameter. Car-
bonaceous material can be greater than 75% of the mass
emissions from small residual oil-fired boilers.161 The for-
mation of carbonaceous PM during residual oil combus-
tion is related to the asphaltene content of the fuel.162,163

When the residual oil is burned more efficiently under
conditions typical of a utility boiler, the carbon content
is lower and the PM is almost entirely in the ultrafine
(condensation) mode.164 The transition metals in residual
oil combustion ash are in the form of sulfates rather than
sulfides or oxides.165–167

Coal-Fired Steam Generation Boilers
The stack emissions from coal-fired utility boilers are af-
fected by the particle generation during combustion and
by particle transformations and size-selective removal dur-
ing cool-down and gas cleaning. Power plant coal com-
bustion including pollutant formation,168,169 ash formation
and deposition,115 submicron particle formation,14,66,170 and
metal transformation73 have been reviewed. The inorganic
particle stack emissions consist of a supermicron mode
containing spheres of mineral ash and a submicron mode
formed by mineral vaporization and condensation, as
discussed above. The carbonaceous emissions consist of
supermicron char particles remaining from incomplete
combustion of the parent coal. Submicron carbon-rich
particles, suggestive of soot, are also present in the exhaust

from both laboratory- and full-scale coal combustors.171–

174 Figure 12 shows the cumulative mass emissions versus
size for a sample of power plants including both pulver-
ized coal and cyclone burners.118,175,176 The multimodal size
distribution of the emitted PM is indicated by the changes
in slope of the cumulative mass curve. Full-scale data show
that an ultrafine particle mode can be detected for both
circulating and bubbling fluidized bed coal combustion,
but the ultrafine concentration is several orders of mag-
nitude smaller than the ultrafine PM concentration pro-
duced by pulverized coal combustion.177,178

Many of the field studies of coal-fired power plants
were aimed at obtaining the information needed for regu-
latory purposes, so the measurements have focused on
the total mass of the emissions. Selected field studies have
determined the fractions of the trace elements entering a
boiler that enter the flue gases and pass out of the unit
through the stack.63,78,88,148,152,179,180 Additional efforts have
focused on the effectiveness of APCDs in removing these
potentially toxic substances.63,78,179,180 These studies pro-
vide the following information:

Figure 12. Normalized differential particle mass distributions measured
in the stack for a sample of coal-fired power plants using different
burner and gas-cleaning technologies. Data compiled from DOE field
studies in 1993–1994.118,175,176 The stack particle mass emission rates
vary between replicate runs by about a factor of 2 due to sensitivity to
plant operating conditions.

Plant Description Stack Emissions

Bailly 345 MW, Cyclone Burner 60 kg/hr
Dry scrubber, ESP
Illinois high-sulfur bituminous

Cardinal 615 MW, well-mounted cell burner 100 kg/hr
ESP, no sulfur removal
Pittsburgh No. 8 bituminous

Coal Creek 550 MW, tangential-fired 260 kg/hr
Wet scrubber, ESP
North Dakota lignite
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• The inorganic ash size distribution is
multimodal. The submicrometer particles con-
sist of aggregates of primary particles that have
grown to 10–50 nm. The larger particles consist
of spherical particles, including cenospheres and
plerospheres.120,127,181

• Particles entering the APCD are essentially bimo-
dal in terms of mass, with on the order of 1% of
the ash consisting of submicrometer particles and
the larger residual ash falling into the 1–20 µm
range.54,63,180,182

• Particles in the 0.1–0.3 µm range have the high-
est penetration through APCD compared with
both larger and smaller particles,63,78,179,180 so the
0.1–1 µm particles form a larger fraction of the
mass distribution leaving the APCD than they
do in the uncontrolled combustion emissions.63

• The submicrometer ash is enriched in volatile
elements relative to the larger particles.148,152 The
concentration of the trace elements within the
submicrometer and supramicrometer ash fraction
increases with decreasing particle size.73,88

• The surfaces of the ash particles are also enriched
in volatile elements relative to their core.88

• The major influence on the fraction of ash that
is vaporized is the temperature.

Because NOx is also temperature-dependent, a corre-
lation between high NOx emissions and high amounts of
submicron particles has been reported55,64,76 for boilers in
which the thermal (Zeldovich) kinetics dominate the NOx

emissions. For modern, post-New Source Performance
Standards boilers, the NOx emission is dominated by fuel
nitrogen. The correlation between NOx and submicron
particle formation is not as well established for these con-
ditions, since conversion of fuel nitrogen to NOx is con-
trolled by staging the air, and NOx formation does not
necessarily correlate with temperature.183–185

Metals may partition into three major emission
streams: the stack, the bottom ash, and the fly ash col-
lected during gas cleaning. An example of this type of

data, summarized in Table 3, shows the points in the power
plant process where As, Cr, Hg, and Se are removed and
the fraction of that element in the raw coal that is emit-
ted from the stack.186 The toxic metals in the PM emis-
sions are the result of fuel composition, combustion
conditions, and downstream cleanup. Coal washing can
greatly reduce the input of toxic metals to the boiler. A
small fraction of the volatile metals is removed with the
bottom ash, some metals are adsorbed on particles and
removed in the ESP, and flue gas desulfurization systems
can remove metal ultrafines and vapors. Metal emissions
from coal-fired steam generation boilers are not currently
regulated in the United States. Table 4 lists typical physi-
cal characteristics and chemical composition of coal fly
ash.129,130,187–189 Coal fly ash typically contains less than 5%
unburned carbon, but problems with char burnout can
result in much higher carbon values.125,190–192

Elemental balances on power plants show that ~1–
4% of most metals in the fuel are emitted in the stack
PM.143,148,152,178,193 The major exceptions are Se and Hg,
which escape as vapors. Rapid quenching from high tem-
perature results in the formation of glass-phase species of
indeterminate composition rather than the crystalline
minerals with similar elemental composition. Optical
microscopy on fly ash from ESPs shows that 11–48% of
the fly ash has crystallized at the cooling rate normally
encountered in boilers. Iron in an alumino-silicate glass
is a characteristic phase found in coal fly ash formed un-
der both oxidizing and reducing conditions.194–196 The pres-
ence of large concentrations of alkali and alkali earth
elements, typical of western U.S. coals, enhances glass for-
mation and decreases crystallization.129

Large-Scale Biomass Combustion
Concerns regarding trade balance, global warming, and dis-
posal of agricultural residue have led to an increased inter-
est in biomass as a renewable energy source. The unique
characteristic of biomass PM is the high alkali content, es-
pecially K,197,198 compared to fossil fuel combustion ash. Stud-
ies have been conducted of industrial-scale biomass

combustion, especially in fluidized bed boilers.199,200

The ash formation processes during sus-
pension firing of wood sawdust and sanderdust
have been shown to be similar to the mechanism
for pulverized coal combustion,201 as indicated in
Figure 3. The supermicron particles are predomi-
nantly Ca, but also contain Fe, Al, Mn, and Si.
The alkali minerals form a submicron condensa-
tion aerosol that is ~30% of the total ash mass,
which is much higher than the fraction of
submicron ash from coal combustion.

Cofiring of crop residues with coal in
existing power plants has been proposed as an

Table 3. Elemental partitioning in a coal-fired power plant.

Coal Boiler ESP or Flue Gas Emitted
Washing Bottom Ash Fabric Filter Desulfurization from Stack

As 65–75 0–2 85–99 0–20 0–5
Cr 30–75 3–20 85–99 0–20 0–2
Hg 30–40 0 0–60 10–90 5–95
Se 25–50 0–5 10–80 0–50 20–80

Note: Data obtained during the DOE PISCES program shows the percent of the element in the raw coal that
is removed at various points in the process. Based on original DOE report and other reports.186
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economical way to reduce PM emissions from open burn-
ing in the fields and to replace fossil fuel.202 Laboratory
studies of inorganic species behavior during cofiring have
been conducted.203 A field study of cofiring coal and straw
reported a number concentration of 5 × 107 particles/
cm3.204 This high number concentration may be due to
the use of an injector diluter installed directly in the flue.

Domestic Combustion
A significant amount of combustion takes place indoors,
for example, tobacco smoking, natural gas appliances, oil-
fired furnaces, fireplaces, and wood stoves. Domestic com-
bustion is especially important when considering
population exposure to combustion particles on a global
basis. Smoke from small-scale domestic combustion of bio-
mass, locally produced coal, and other opportunity fuels
results in a direct exposure to sensitive individuals, such
as the elderly and children, since the fires are located in
or near homes. Fresh and aged wood smoke may be espe-
cially important for health effects because the small par-

ticle size results in enhanced deposition in
the lower respiratory tract.205 Cooking and
heating with biomass represents a large por-
tion of the total combustion in developing
economies. For example, household bio-
mass combustion in Pakistan is estimated
to represent 37% of the total primary en-
ergy consumption of the country.206

Poorly ventilated cooking fires can cre-
ate indoor particle levels that are far above
the U.S. ambient PM standard of 150 µg/m3.
A geometric mean kitchen PM10 concentra-
tion of 1830 µg/m3 was reported in a study of
Bolivian highland villages.207 The kitchen
PM2.5 concentration in homes using biomass
for cooking averaged 555 µg/m3 with a maxi-
mum of 1493 µg/m3 (n = 7 homes) in rural
Mexico.208 Recreational biomass fires are a sur-
prisingly large source of combustion emis-
sions in developed countries, and fireplace
restrictions have been imposed in many cit-
ies and mountain resort communities to
avoid violations of the current PM10 standard.
For example, combustion of wood in residen-
tial fireplaces has been estimated to contrib-
ute 14% of the annual average OC emissions
to the Los Angeles urban atmosphere.209

Particle emissions from biomass vary
with both the combustion conditions and
the fuel type. One study of PM emissions
from residential wood fires distinguished
between hot, rapid combustion and slower,
low-temperature, air-starved combustion.210

Hot burning produced a monomodal particle distribution
with 30–40% of the particles between 0.3 and 0.6 µm.
The particles were predominantly EC and OC, but con-
tained percent levels of K, Cl, and S with 0.01–1% levels of
Al, Si, P, Zn, Pb, and Fe. For cool burning, the particles were
largely OC, and almost 50% of the carbon was associated
with particles between 0.6 and 1.2 µm.

Combustion efficiency, wood moisture, and dilution
gas temperature affect the particle size distribution, indi-
cating that the actual winter fireplace PM may have a
higher fraction of fine particles than are measured under
laboratory conditions.211 Hildemann provided detailed
particle size distribution graphs of fireplace emissions and
calculated an emission factor of 10 g PM/kg wood burned
based on electrical aerosol analyzer size measurements,
and reported 16 g/kg based on filter weight.155 Rogge re-
ported fine particle emissions from fireplaces ranging from
6.2 g/kg for oak to 13.0 ± 4.0 g/kg for softwood,209 and
suggested that unique organic species, such as tricyclic
resin acids, can serve as markers of wood smoke in the

Table 4. Typical coal fly ash properties.

Typical Value Range Notes

Specific Gravity (single particle) 2.2 1.8–2.6 <1 for cenospheres
Specific Gravity (bulk ash) 1.1–1.5 includes voids between particles

Elemental Composition Typical % Range % Expressed as Oxides
Al

2
O

3
25 13–36

SiO
2

45 22–61
Fe

2
O

3
20 4–20

CaO 2.6 1–22
MgO 1.3 1–5
TiO

2
1.2 1–3

Na
2
O 0 0–8

K
2
O 2.1 0.3–4

SO
3

2 0–25
Trace Metals ppm levels

Phase Distribution Typical % Range %
Unburned Carbon 3 0 to >10
Amorphous Glass 50–90
Crystalline Minerals 11–48

Major Minerals Range %
Mullite 2–20 Al

6
Si

2
O

13
Quartz SiO

2
Iron Spinel (Mg,Fe)(Fe,Al)

2
O

4

Hematite Fe
2
O

3

Anhydrite CaSO
4

Notes: Typical fly ash composition is for Pittsburgh No. 8 high volatile bituminous coal fly ash; ranges compiled
from various sources.129,187,188
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atmosphere. The amounts of various PAH compounds re-
sulting from domestic combustion of biomass fuels have
been reported.209,212,213

Regional differences in domestic combustion may
provide the opportunity to conduct long-term exposure
health studies that integrate epidemiologic methods with
detailed characterization of the PM. For example, domes-
tic combustion of coal has been associated with the high
incidence of lung cancer in Xuan Wei, China.214 Chemical
characterization of indoor air in homes using smoky and
smokeless coals showed 1–2 orders of magnitude differ-
ences in the concentration of PAH. The PAH and polar
extracts from the particles in homes using smoky coal were
highly mutagenic.215–217

Wildfire and Agricultural Burning
Open fires from wildland and agricultural burning are
a significant source of atmospheric PM on a global scale.
Concerns include acute health effects to people near
the fires, climate effects,218 and regional visibility.219 PM
from large fires can be transported over continental dis-
tances. High PM10 in the eastern United States during
the summer of 1998 was caused by smoke from fires in
Mexico,220 as shown by satellite photos. EPA policy221

does not consider exceedances of National Ambient Air
Quality Standards (NAAQS) from natural events such
as seismic and volcanic activity, wildland fires, and high
wind to constitute a violation for the legal purpose of
designating non-attainment areas. However, high par-
ticle concentrations are a health and environmental
concern whether the source is classified as natural or
anthropogenic. Fire is important for recycling nutrients
and for preventing the spread of invasive species in
many ecosystems. Balancing the ecological role of fire
with the goal of minimizing particulate levels in popu-
lated areas is a concern for land management in the
western United States and in other areas with grassland
ecosystems.

Emissions from wildland and agricultural fires are
poorly characterized because of the variability in com-
bustion conditions, for example, upwind versus down-
wind propagation, fuel loading per area, and fuel
moisture. Hot fires produce more NOx, but less CO, un-
burned hydrocarbons, and soot than smoldering fires.
Quantitative data on particle size, number concentra-
tion, and chemical composition that would be useful for
epidemiology correlations and for mechanistic toxicol-
ogy studies are limited by the difficulty of field measure-
ments and the uncertainty of how to scale from
laboratory experiments to real open fires. Inventory es-
timates of PM emissions from open fires are based on
empirical factors for PM per weight of fuel burned mul-
tiplied by an ecosystem-based estimate of fuel loading

per area. Typical emissions factors are: 4 g of total sus-
pended PM/kg of biomass burned for piled logging slash
with no soil debris; 16 g/kg for smoldering combustion
of conifers in temperate forests;153 and 20 g/kg for tropi-
cal forest fires.222 Emissions of PAH have been measured
in a wind tunnel for simulated open burning of cereal
grasses and tree prunings.223,224 Weakly spreading fires
were observed to produce higher levels of the heavier
PAH with more of the PAH partitioned to the particulate
phase. PAH emissions were more strongly influenced by
the burning conditions than by the type of fuel.

Oil Pool Fires
Management of large oil spills presents another case of
balancing ecosystem health and ambient air quality stan-
dards for PM. Igniting an offshore oil spill can reduce the
impact on aquatic and shoreline species, but also creates
a large plume of particulate air pollution. An understand-
ing of the characteristics of the PM emissions, as well as
an understanding of the atmospheric dispersion and clear-
ance, are needed to assess when to burn. Limited data on
pool fire emissions are available from laboratory and me-
soscale measurements.225 The PM mass emissions range
from 5% of fuel burned (50 g/kg) for laboratory fires to
15% of the fuel for a 17.2 m pool fire, showing that the
smoke yield increases with increasing fire size. The par-
ticle size distribution from one mesoscale measurement
was 50% of the mass in particles less than 0.7 µm and
90% in those less than 20 µm.226 This is much larger than
typical soot emissions, suggesting that the high particle
loading in pool fire plumes allows large aggregates to form.
The size of the primary particles that form the smoke ag-
gregates increases with increasing fire diameter.98,227 The
primary particle size trends and morphology determined
by thermophoretic sampling228 for TEM examination are
consistent with formation of soot on the fuel-rich side of
the flame and agglomeration upon local flame interface
extinction. Oil pool fire smoke is greater than 90% EC,
and the PAH emissions from oil pool fires on water have
been measured.229

Incineration Emissions
Much research has been done on metal transformations
during hazardous waste incineration due to the contro-
versial nature of the projects, and due to regulations that
require quantifying metal emissions of incinerators dur-
ing the permit application process prior to facility con-
struction. Although incineration is a small source of PM
emissions on a global scale, the unusual compositions of
the waste feeds provide valuable insights into the ther-
mochemistry of trace metals. For incinerators, the ash
vaporization is affected by both temperature and Cl con-
centration, since the chlorides of many metals have a high
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vapor pressure.59,230 The formation of submicron particles
and the formation of a bimodal particle size distribution
in incinerators is very similar to the process that has been
observed for coal. Unusual waste streams may result in
incineration fly ash containing high levels of volatile
metals, but in many cases the bulk of the particle mass
from incinerator combustion is the refractory oxides.

An extensive review has been conducted by Linak and
Wendt,59 and Lighty and Veranth231 have also discussed
the issue. The partitioning of a metal in a hazardous waste
incinerator depends not only on the temperature59 and
the gas environment, but also on the constituents within
the solid matrix.232 The metals either react with the solid
matrix to form solid materials that might be nonleachable,
or they may vaporize and undergo nucleation and par-
ticle growth similar to the processes previously discussed
for submicron inorganic ash from coal. Vaporization also
depends upon the type of metal. Normally, Cd233 is found
to be more volatile than Cr; however, the results depend
on the solid matrix. The high levels of Cl present in in-
cineration gas-phase emissions compared with fossil-fuel
combustion affect the formation of fine PM.230,234,235 The
metal chlorides are generally more volatile than the metal
oxides, so Cl causes higher vaporization, which leads to
increased formation of submicron particles enriched in
trace elements. Differences have been observed between
the effect on particle size of inorganic versus organic Cl,
that is, NaCl and PVC in the feed,236 suggesting the im-
portance of intermediate species in the reaction pathway.

If a listed toxic metal remains with the solid, the ash
must meet land-disposal regulations, which require a
leachability test. Research has shown that Pb may inter-
act with the aluminosilicates in solid materials.59,237,238

Others have studied the injection of sorbents for metals
control, which captures the volatile metals in a sorbent-
derived particle.102,232,239,240 In some cases, a non-leachable
solid was formed.

Laboratory-scale elemental composition and particle
size data have been reported for conditions applicable to
commercial incinerators.241 Metal speciation data is more
difficult to find since the metals are normally present only
in trace amounts, which are difficult to detect by many
speciation methods. However, Linak et al. demonstrated
that the toxic form of chromium, Cr VI, was only a few
percent of the total chrome emitted from a laboratory
scale system,242 except in the presence of Cl. When large
amounts of Cl were present, the percent emitted was be-
tween 5 and 8%, still low. Thermodynamic calculations
also show that input waste composition has a greater ef-
fect on Cr VI formation than does operating temperature.243

Data on full-scale incinerators are collected at the stack
to demonstrate compliance with emissions limits. Due to
the high particle removal efficiency, the emissions from

incinerators are controlled by gas cleaning equipment
performance. Combustion conditions impact emissions
indirectly through changes in the particle size distribu-
tion, which influences air pollution control equipment
performance. A study to characterize the performance of
various incinerator gas cleaning systems showed that the
PM mass concentration, corrected to 7% oxygen, mea-
sured at the secondary combustion chamber exit was 5 ±
0.6 mg/m3, while the concentration downstream of a
baghouse and ionizing wet scrubber combination was
0.013 ± 0.009 mg/m3.244 The control efficiency for indi-
vidual elements ranged from 95 to 99.995% removal be-
tween the gas cleaning inlet and the stack. The differences
in removal efficiency between elements are expected to
reflect differences in the partitioning of each element to
different particle size fractions, and to the liquid and gas
phases. Kauppinen and Pakkanen presented graphs show-
ing the elemental distribution in the emissions from a
hospital incinerator,245 which shows that Pb and Cd are
enriched in the submicron particles. The authors are un-
aware of similar published data on the detailed size distri-
bution of combustion exhaust or stack PM from
commercial hazardous waste incineration.

Internal Combustion Engines
IC engines represent 20–40% of the fossil energy combus-
tion in developed countries, and contribute emissions that
are concentrated in urban areas. Particulate emissions from
engines have been extensively studied due to concerns over
the smoke emitted by diesel engines, lead emissions prior
to the phase-out of leaded gasoline, and health effects of
ultrafine particles. The general process of particle forma-
tion as discussed in the fundamentals section is fully ap-
plicable to IC engines. However, understanding particle
formation in the cylinder of a high-speed engine involves
both the chemical kinetics which have been determined
from experiments in idealized laboratory flames and the
transient temperature and volume changes, fuel/air mix-
ing, and heat transfer unique to in-cylinder conditions.

A large body of specialized literature on IC engines
exists. Details of engine design,246,247 combustion in the
cylinder,248–252 in-cylinder measurements,253 the use of fuel
formulation and additives for soot control,254 PM from
catalytic converters,255 and the development of particle
traps for diesel engines256 are outside the scope of this
paper, and the reader is referred to the cited reviews and
collected papers.

The filterable particles from IC engines, including
both soot and inorganic PM, are either individual submi-
cron particles or are loosely bound aggregates formed from
ultrafine primary particles, as discussed in the fundamen-
tals section. Soot and organic PM result from incomplete
combustion. The inorganic particles are derived from fuel
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and lubricant additives, fuel contamination, engine wear,
and ambient PM that passed through the air filter. Cau-
tion is needed when looking for data on the fraction of
ambient PM attributed to IC engines, because non-com-
bustion particles from resuspended road dust and from
the wear of tires and brakes are listed under “mobile
sources” in some emissions inventories.

Soot formation in IC engines has been studied due to
regulation of the black smoke that can be emitted by diesel
engines under heavy load, and due to the importance of
soot on radiant heat transfer and flame structure. The topic
of soot from internal combustion is covered in detail in
books by Heywood257 and Sher.258 Empirical data show that
diesel smoke emissions increase with load, but can be re-
duced by improved fuel-air mixing and by better control
of fuel injection. Work by John Dec and colleagues259 us-
ing laser sheet visualization has shown that, under typi-
cal diesel conditions, the initial premix phase of diesel
combustion occurs in a fuel-rich vapor-fuel/air mixture
(equivalence ratio of ~4) in the leading portion of the fuel
jet, just downstream of the maximum liquid-fuel penetra-
tion. This vapor-fuel/air mixture is fairly uniform with a
sharp well-defined boundary at the jet periphery.

The measurements show that as autoignition occurs,
the fuel breaks down over the whole premixed, fuel-rich
region almost simultaneously (i.e., within ~70 µsec), fol-
lowed very quickly (less than 70 µsec) by PAH formation
throughout this region. Then, ~140 µsec later, initial soot
formation occurs with very small particles forming through-
out large sections of this leading portion of the jet. Within
an additional 70 µsec, the entire region is filled with small
soot particles whose volume fraction is increasing rapidly.
The actual emission from the cylinder to the exhaust mani-
fold is the result of competition between soot formation
and soot oxidation. Soot oxidation is reduced when the
combustion process is prematurely quenched. This occurs
when excessive injection of fuel results in the burning mix-
ture contacting the cylinder walls.

Table 5 summarizes exhaust measurements of particle
size and number concentration data from selected stud-
ies of diesel and gasoline engines.27,260–266 The exhaust
tailpipe data show that IC engines are a source of par-
ticles smaller than 100 nm at initial concentrations greater
than 106/cm3, which is consistent with measurements of
ambient particle size distributions at various distances
from urban highways.267,268

The sizes of diesel particulate emission can be approxi-
mated by a bimodal lognormal distribution.262 The
nanoparticles in the ultrafine transient mode of diesel
engines represent only 0.1–1.5% of particle volume (mass)
but 35–97% of the particle number.262 Most of the PM
mass is in a mode with a diameter between 0.01 and 0.1
µm. From the available studies, the relative importance

of surface growth and coalescence in determining the
particle size in this larger mode is unclear. Typical exhaust
PM mass concentrations from well-maintained modern
diesel engines are 15–30 mg/m3.262 With older engines,
the PM mass is higher, the number of ultrafines is much
lower, and a condensation or accumulation mode domi-
nates the number distribution.269 The high particle num-
ber of 1 × 109/cm3 reported for a 1991 Cummins engine
by Bagley et al.260 has led to the speculation that the re-
duced particle mass emissions in the newer diesels has
resulted in increased particle number. The hypothesis is
that there are insufficient soot particles to provide sur-
face for the condensation of the heavier organic or acid
molecules, which therefore become supersaturated in the
vapor phase and nucleate as the exhaust cools in the sam-
pling train.27

Gasoline engines have much lower PM mass emis-
sions than diesel engines. Tailpipe particle emission mass
is as low as 0.1 mg/mi, and the baseline number concen-
tration is 105–106 particles/cm3,264,266 which is consistent
with the reported accumulation mode particle size.
Graskow et al.264 reported that the particle number from
gasoline engines is highly unstable and that they observed
intermittent spikes in particle number up to 2 orders of
magnitude above the baseline. The formation of deposits
in gasoline engines, which can contribute to particulate
emission spikes, has been reviewed by Kalghatgi.270 Fuel
parameters have a strong effect on the fuel/air ratio at
which the maximum gasoline engine particulate emis-
sions occur.271

A single instrument cannot measure the entire range
of inhalable particles from less than 10 nm to over 10 µm
that are potentially emitted by an IC engine. By using
both a scanning mobility particle sizer (SMPS) and an aero-
dynamic particle sizer, the full particle size distribution
from an engine can be reported in segments. For a diesel
engine, Morawska et al. reported 104–105/cm3 in the ac-
cumulation mode centered on 0.1 µm and ~1 particle/
cm3 in the range from 1 to 10 µm.263 One particle at 5-µm
diameter weighs the same as 1.2 × 105 particles at 0.1-µm
diameter. The uncertainty introduced by interconverting
particle mass concentration and particle number concen-
tration data for the purpose of testing health effects hy-
potheses related to vehicle emissions is apparent.

Mass and surface area of submicron particles are in-
ferred from number and diameter measurements assum-
ing a spherical shape and an appropriate density.
Comparisons of filter samples and the total emission mass
calculated from integrating particle size and number data
agree semiquantitatively,265 generally within a factor of 2.
This difference may not be significant compared with the
wide range of PM emissions from real vehicles depending
on age, operating conditions, and maintenance history.



Lighty, Veranth, and Sarofim

Volume 50  September 2000 Journal of the Air & Waste Management Association  1587

A program of dynamometer tests on 23 in-service spark
ignition vehicles ranging from 1976 to 1990 model years
showed particulate emissions ranging from 7.2 to 1342
mg/mi,272 and the OC ranged from 35 to 95% of the total
carbon.

Various investigators have reported the chemical com-
position of IC engine PM as a function of particle size and
operating conditions. The PM is a mixture of EC, organic
compounds, metal oxides, and sulfates. The exhaust from
a typical heavy-duty diesel is 31–41% EC or soot, 25–40%
unburned oil, 7% unburned fuel, up to 14% SO4

2– and
H2O, depending on fuel sulfur content, and 13% ash and
other inorganic, and there is usually some mass listed
under unknown origin.27,273

Data on partitioning between soot and the soluble
organic fraction274 and between EC and OC by thermal/
optical reflectance from IC engine emissions are available.272

Detailed organic composition of emissions from in-ser-
vice gasoline and diesel engines by GC/MS analysis of
extracts have also been reported.272,275,276 As will be dis-
cussed in the measurements section, the H2SO4 and heavy
organic products of incomplete combustion may form par-
ticles in the atmosphere that are not included in the PM
as measured by standard procedures. In the United States,
particulate emissions are regulated by the mass collected
on a filter at 325 K (125 °F) followed by equilibration at
295 K and 45% relative humidity before weighing.277

Figure 13 shows the complex nature of the condensable
organic aerosol collected from diesel engines using a di-
lution sampler.276 Only a small fraction of particle-bound
material is resolved into known compounds, and even
the resolved fraction contains multiple chemical com-
pounds within each category. Dilution samplers155,278 can
quantify the mass and composition of the condensable

Table 5. Selected measurements of particle emissions from internal combustion engines.

DIESEL
Engine & Condition Number Mean Results Reference

1991 Cummins–various modes Nuclei 11–17 nm >10E9 particles/cm3. High number count in 260
 with and without catalyst Accumulation 55–73 nm smallest size bin measured. Size distribution

graphs and lognormal fit.

Newer catalyst-equipped, Count Median Diameter 39–60 nm Exhaust number concentration, 1.5E4 for 261
LNG-fueled, and older catalyst, 8.4E4 for LNG, 7.9E5 for leaded.
leaded-fuel vehicles

1995 direct injection– Nuclei 5–9 nm 1–7E7 particles/cm3. High number count in 262
various modes  Accumulation 29–40 nm smallest size bin measured. Size distribution

graphs and lognormal fit. Mass 15–30 mg/m3.

Various in-service Accumulation 30–160 nm 0.7–3.9E7 particles/cm3 in SMPS range. 263
engines 1983–1996  Also data on 0.3–30 µm size range. Particle number increased with increasing power.

Review paper Nuclei 5–50 nm 1E7–1E8 particles/cm3. Graphs of particle number 27
Accumulation 0.1–0.3 µm.  and size vs fuel/air ratio for various engines.

GASOLINE
Engine & Condition Number Mean Results Gasoline

1993 4-cylinder Nuclei <10 nm Emissions highly unstable. Baseline 1E5/cm3 264
Accumulation 70 nm with spikes to 1E7/cm3.

Review paper 40–70 nm 1E5–1E6 particles/cm3. Varies with fuel/air ratio. 27

Various automobiles 1994–1997 30–70 nm Did comparisons of total particle number and 265
filter collected mass over test cycle.

Various automobiles 1995–1998 25–107 nm Compared various results from test cycles. 266
Mass 0.1–9.6 mg/mi.
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PM, but may distort the size distribution. The effects of
dilution on PM size distribution will be discussed in the
measurements section.

Vehicles need to be considered as a potential source
of particle-bound transition metals in health-related stud-
ies. Table 6 provides illustrative data showing the metals
content of diesel and gasoline emissions, and shows that
IC engine emissions have significant metal content. Met-
als are reported in mg/mi for the average of two in-ser-
vice diesel trucks sampled in 1996 in California276 and for
the average of four 1995 model-year Ford automobiles.279

The variation in the data is large, and only the elements
where Schauer et al.276 reported a mean greater than twice
the standard deviation are listed. The total mass emis-
sions from the gasoline contain 9–31% metallic elements

by weight. PM emissions of 27 elements from in-use high-
emitting vehicles were reported by Cadle et al.280

Leaded gasoline has been phased out in the United
States and in many developed countries, but it is still used.
The particulate emissions from automobiles burning fuel
with 0.4 g Pb/liter are about 25% Pb,281 and the mass mean
particle size is 1–2 µm,248 which is much larger than the
PM from spark ignition engines running on unleaded fuel.
The Pb emissions are on the order of 60 mg/mi. The mea-
sured Pb concentration also reflects dilution by the higher
EC and OC content of emissions from gasoline engines
that are not equipped with modern pollution control tech-
nology. Use of methylcyclopentadienyl manganese
tricarbonyl (MMT) as an octane-boosting additive results
in the emission of amorphous manganese sulfate and phos-
phate particles with a size ranging from 0.2 to 10 µm.282

Modern IC engines produce PM in both the ultrafine
mode and in a larger accumulation mode, with nearly
all the mass being in particles smaller than 1 µm. Emis-
sions of PM, unburned hydrocarbons, NOx, and CO all
have declined as stricter regulations on new vehicle
models have forced improvements in combustion tech-
nology and in post-combustion gas cleanup. The limits
of current technology are being reached, and air-quality
models are predicting an increase in total emissions from
vehicles in the next decade as increases in vehicle-miles
driven begin to outweigh the reductions in emissions
that have been achieved by retiring older vehicles. Health
concerns regarding particle number, ultrafines, and tran-
sition metals will lead to a need for more detailed char-
acterization of IC engine emissions, especially under
in-service conditions.

Aircraft Turbines
The aircraft PM emissions literature includes studies ad-
dressing both ground-level emissions near airports283,284

and cruise altitude studies emphasizing stratospheric
chemistry and global climate effects.285–288 Visible smoke
emissions from aircraft engines were first regulated by the
1970 Clean Air Act. The engine manufactures retrofitted
jet aircraft with smokeless combustors by 1978,289 and
there is little published research on soot emissions from
gas turbines from the late 1970s until the mid-1990s.
Ground-level PM measurements show that most of the
particle mass is soot and semivolatile products of incom-
plete combustion. Cruise altitude particle number is domi-
nated by H2SO4 aerosol. Table 7 compares the mass, size,
and number concentration for ground-level testing of
engines representing 1970s290 and 1990s285 design tech-
nology. Conversion to smokeless combustion chamber
designs has reduced particle mass and number concen-
tration. However, aircraft engines still can be a locally sig-
nificant source of submicron particles.

Table 6. Metals emissions from internal combustion engines.

Diesel Trucks Automobiles

Total Mass 845 ± 22 7 ± 4
EC 260 ± 9 NR
OC 166 ± 6 NR
Si 5.3 ± 0.2 0.12 ± 0.12
Fe 0.42 ± 0.02 0.11 ± 0.09
Zn 0.59 ± 0.03 0.009 ± 0.005
S 1.86 ± 0.07 0.7 ± 0.9
SO

4
2– 8.5 ± 0.5 NR

NH
4

+ 6.2 ± 0.3 NR

Notes: Emissions in mg/mi were calculated by the authors from data reported by Schauer
et al.276 and Ball.279 NR = not reported.

Figure 13. Organic analysis of the exhaust emissions from medium-
duty diesel trucks. Only a small fraction of the particle-phase organics
were resolved into identified compounds. Replotted from data by ref
276.
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EMISSIONS, AMBIENT CONCENTRATION, AND
INHALATION EXPOSURE
The legal authority of air quality agencies extends only to
the component of exposure that is attributable to ambi-
ent air,291 and indoor air quality is controlled indirectly
through public health advice, building codes, and prod-
uct design regulations. Most of the average person’s day
is spent indoors or in vehicles, and sensitive individuals,
infants, the sick, and the elderly spend even more time
indoors than healthy working adults. Indoor particle con-
centrations can be very different from the outdoor ambi-
ent particle concentration that is measured by central
monitoring stations. The indoor PM concentration and
size distribution depend on the rate of outside air ex-
change, personal activity patterns, and indoor particle
sources. In general, the concentration of coarse particles
is lower indoors than outside, but activities such as sweep-
ing, or even walking on a dusty carpet, can resuspend
large quantities of coarse PM.

Institutional buildings have central air-handling sys-
tems that include filtration. A comparison of air samples
in patient areas of three hospitals showed little correla-
tion between indoor air PM10 and ambient PM10 at local
air monitoring stations.292 A better correlation is observed
between indoor and outdoor fine-particle concentration.
Accumulation mode ambient PM can penetrate into build-
ings because these particles are not efficiently removed
by gravitational and inertial mechanisms. However, ac-
tivities such as cooking and tobacco smoking are indoor
PM sources that can increase fine-particle concentrations
far above ambient levels. Personal exposure to particles
depends on physical activity (ventilation rate) and on the
amount of time spent in various environments indoors,
in vehicles, and outdoors.

Health effects research must
look at the actual human exposure,
and many of the indoor sources in-
volve combustion-generated par-
ticles. When discussing the health
effects of combustion particles, one
must consider that, with the excep-
tions of domestic combustion and
tobacco smoking, people do not di-
rectly inhale combustion emissions.
Persons inhale particles that have un-
dergone post-combustion and atmo-
spheric transformation. Different
particle sizes are removed from the
atmosphere at different rates, and
the particles may become coated
with condensable species. The cells
deep in the lung are not exposed to
the same particle mixture that is

measured by an ambient filter, due to size-selective re-
moval in the airway. Some gas-phase chemicals that would
ordinarily be removed by diffusion to the airway wall may
penetrate deep into the lung when adsorbed on an inert
particle, the “Trojan Horse” hypothesis.

Ambient PM Characteristics
As originally reported by Whitby and Sverdrup,293 and
since confirmed by many studies, atmospheric particles
have a multimodal size distribution, as shown in Figure
14.6,293–296 These modes include the coarse mode, which is
usually mechanically generated; the accumulation mode
of 0.1–1 µm particles; and a mode of fine particles result-
ing from nucleation and surface growth. The latter two
modes are the consequence of nucleation, condensation,
and coagulation to produce particles from gas-phase pre-
cursors. The true accumulation mode is the result of par-
ticles growing into the range where further growth is slow,
because of decreased collision frequency, and where re-
moval is slow, because inertial deposition and gravity set-
tling are inefficient. The size and shape of the ultrafine
particle mode in the urban atmosphere represents a dy-
namic balance between the generation of new particles
(nuclei) by nearby sources and growth into the accumu-
lation mode by coagulation and surface deposition.

The process of forming new particles by nucleation
and the subsequent growth by coagulation and conden-
sation are similar both in combustion systems and in the
atmosphere. Nanoparticles are created from vaporized
compounds by gas-to-particle conversion due to chemi-
cal reaction or cooling. These reactions may take place in
the combustor, during initial dilution of the plume, or
over a period of hours in the atmosphere. Nanoparticles
are rapidly removed from the atmosphere by coagulation

Table 7. Ground-level emissions from aircraft turbine engines.

Stockham, 1979 Petzold, 1998a

Engine Type TF–30, JT8D, JT9D Rolls Royce
Particulate Mass Idle 1.85–4.41g/kgfuel Total carbon

Cruise 0.29–2.09 0.27–0.74 g/kg fuel
Takeoff 2.8–7.06

Particle Size Idle 0.043 µm Primary 0.045 µm
Cruise 0.69 Coagulation 0.18
Takeoff 0.60 Coarse 0.56

Particle Number Concentration Idle 9.3 x 107/cm3 Primary 8 x 105/cm3

Cruise 2.27 x 107 Coagulation 2.5 x 104/cm3

Takeoff 1.9 x 107 Coarse 1.5 x 103/cm3

 aParticle number reported by Petzold was measured 200 m behind the engine and was not corrected for dilution.
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with each other and with larger particles. In addition,
species condensing from the gas phase are deposited on
ultrafine particles since they represent a large fraction of
the available surface area. These condensing species in-
clude organic compounds, SO4

2–, and NO3
– formed by re-

actions in the atmosphere from precursors that are emitted
as gases from combustion systems. Eventually, the
ultrafine nuclei-mode mass is transferred into the accu-
mulation mode consisting of particles between 0.1- and
1-µm diameter. Accurately measuring the ultrafine size
distribution, in both the ambient air and combustion
source emissions, is difficult because particle number is
not conserved, ultrafine particles undergo rapid transfor-
mations, and there are few calibration standards avail-
able. Seinfeld and Pandis provide a detailed treatment of
ambient aerosol characteristics.6

Gravimetric measurements of particle mass generally
show only the coarse and accumulation modes unless the
data are plotted on a logarithmic scale. Likewise, optical
and electrical mobility measurements of particle number
usually show only the nucleation and accumulation
modes. Natural PM includes wind-transported geological
material, biogenic PM (pollen, spores, and secondary PM
from VOCs), and sea salt. Naturally released sulfur and

nitrogen compounds produce additional PM, but the an-
thropogenic emissions of sulfur and nitrogen compounds
dominate secondary particle formation in industrialized
areas. Comparison of oceanic, polar, and remote desert
aerosols297 to urban aerosols293 shows that the natural
nucleation and accumulation modes are small compared
to the anthropogenic contribution to fine PM. Reported
concentrations of ultrafines in ambient air vary from 100
to 1000/cm3 in rural and oceanic environments, 104/cm3

time-averaged in urban areas,298 and ~106/cm3 near an
urban freeway.6 Janecke297 provides quantitative descrip-
tions of typical ambient aerosols as the sum of three log-
normal distributions, which are useful for modeling input.

Source Apportionment and Modeling
Figure 15 shows that 80–90% of the PM mass emitted from
combustion sources is below 1-µm diameter, while less
than 10% of the mass of dust from geological material is
PM2.5.

294 However, the evidence for the relative contribu-
tion of various PM2.5 sources is contradictory, and some
source apportionment studies299 suggest that ambient
PM2.5 is dominated by sources other than combustion
particles. For example, Figure 16 shows ~62% of emis-
sions coming from geological material and only 38% com-
ing from combustion sources.300,301 Emissions inventories
are based on multiplying census-type data by emissionFigure 14. Typical PM mass and number distributions showing the

multimodal nature of the ambient aerosol. Adapted from data by refs 6
and 293–295.

Figure 15. Typical size distribution for the emissions from geological
dust sources and from combustion sources. PM1 dominates the mass
of combustion emissions, while most geological dust is larger than
PM10. Replotted from data in Watson and Chow.294
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factors, which are often based on only a few measure-
ments. Both researchers and air quality agencies suspect
that the fugitive dust component is overstated by these
methods.294 If the fugitive dust is overstated, then some
other contribution, such as combustion, is understated,
as many urban areas are in violation of the PM stan-
dards. Suspected sources of the differences between emis-
sions inventory and receptor-based methods of
calculating source contributions include comparing na-
tional averages which are dominated by rural areas with
monitoring stations which are concentrated in urban
areas; not fully accounting for redeposition of wind-
blown PM near the source area; and not including the
effect of “super-emitter” sources such as improperly
maintained and operated combustion sources in the in-
ventory emission factors.

As EPA compiles information from speciated PM
monitoring sites, it will be interesting to learn more about
the chemical characteristics of ambient PM and how this
can relate to specific sources, including combustion. In-
ternational variation in the relative contribution of com-
bustion and geological processes to ambient PM are
expected because of local climate, geography, and tech-
nology preferences. For example, in urban areas in Tai-
wan, PM2.5 was found to be as high as 80–90% of PM10,

302

and combustion was found to be a major source of both
the coarse and fine PM.303 Likewise, particles larger than
2.5 µm, or even larger than 0.5 µm, are rare in the central
European urban environment.304

The combination of particle size and chemical com-
position data provides insights into the sources. For ex-
ample, the PM2.5 in the eastern United States has a much

larger SO4
2– component and a much smaller NO3

– compo-
nent than does the PM2.5 from California.305 This result is
likely due to the effects of coal-fired power plants in the
east and of agriculture and mobile sources in the west.
Source apportionment based on matching chemical com-
position of particles collected from known sources with
the mixture collected at receptor sites is an active area of
research.294,306–308 Reconciling source inventories with the
particles actually collected at receptor sites has important
public policy implications.

A mechanistic air quality model has been developed
that allows computing the contribution of individual
emission source types to the size and chemical-composi-
tion aerosol distributions.309 The model predicts that the
submicron fraction of the PM does not contain appre-
ciable amounts of secondary particles. Specifically, little
SO4

2– and no NO3
– was predicted in the particles less than

0.1 µm. For particles between 0.1 and 1 µm, SO4
2– concen-

tration was slightly higher with a larger increase in NO3
–

concentration. Data from filters confirmed the modeling
results,310 although the sulfur concentration in the par-
ticles less than 0.1 µm was higher on the filters than pre-
dicted. The model explains the measured 0.2- to 0.3-µm
particles as transformed emissions from diesel engines and
other combustion, and explains the observed 0.7- to 0.8-
µm particles as fine background aerosol that has been
transformed by fog and gas-to-particle conversion in the
urban air.310 The model predictions are only as accurate as
the source data and the atmospheric transformation chem-
istry models.

The observed particle size distribution in urban envi-
ronments is the result of a dynamic balance between gen-
eration of ultrafine particles by combustion sources and
the transfer of these particles to the accumulation mode
by coagulation and by surface growth from secondary
aerosol gas to particle conversion. While computational
modeling may provide insights into the relationships be-
tween sources and human exposure, models are limited
by the source data, and there is a need for more detailed
characterization of combustion sources.

PARTICLE HEALTH EFFECT RESEARCH
Particles have long been implicated in the deterioration
of visibility and the environment and as the cause of ad-
verse health effects. As early as 1661, John Evelyn wrote,311

“It is this horrid smoake, which obscures our churches
and makes our palaces look old, which fouls our clothes
and corrupts the waters so that the very rain and refresh-
ing dews which fall in the several seasons precipitate this
impure vapour, which with its black and tenacious qual-
ity, spots and contaminates whatever is exposed to it.”
Evelyn goes on to say, “London fires, there results a great
quantity of volatile Salts, which being sharp and dissipated

Figure 16. Inventory of the 1997 U.S. nationwide PM2.5 emissions.300

Total mass was estimated as 10 Tg/yr. Major differences exist between
inventory data and source apportionments based on the composition
of particles collected at receptor sites. Source: U.S. Environmental
Protection Agency.
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by the Smoake doth infect the Aer, and so incorporate
with it, that though the very Bodies of those corrosive
particles escape our perception, yet we soon find their
effects, by the destruction of all things they do but touch;
with their fuliginous qualities.” Evelyn not only impli-
cated combustion, but also inferred that the cause was
from small particles.

This section discusses the ongoing research into the
health effects of particulate air pollution, with an emphasis
on the toxicological hypotheses that relate to specific types
of combustion-generated particles. Table 8 summarizes

combustion particle characteristics that are suspected to be
important for health effects and the results of selected epi-
demiology and toxicology studies that have addressed these
physical and chemical characteristics.6,8,25,213,305,308,312–348 Re-
cent reviews discuss the toxicologic and epidemiologic
evidence for health risks from gasoline and diesel engine
emissions;324,349 the toxicology of ultrafine anthropogenic
atmospheric aerosols;345 and the relationship of particle
air pollution to asthma.350 The proceedings of recent con-
ferences are sources of more detailed coverage of current
health-related research.351,352

Table 8. Combustion particle characteristics investigated in toxicology studies.

Characteristic Relation to Combustion Epidemiology Studies Toxicology Studies

Mass Filterable combustion aerosols are a minor component Health outcomes have been Exposure of young, healthy adults to
of urban aerosol, which is dominated by organic, associated with ambient PM mass.340 concentrated ambient particle does not
secondary, and geological PM.305 cause acute effects.323,336

Particle Size Combustion is the major source of submicron Coarse particles are not associated with Iron mobilization from coal fly ash in cell
and ultrafine PM. (This review.) mortality,338,341  but health outcomes culture increases with decreasing  particle

are associated with fine PM.318 size.343 Mutagenic activity is associated with
fine PM.333

Ultrafine and Inorganic ultrafines are formed by mineral Respiratory effects associated with Differences between fine and ultrafine
Nanoparticles vaporization during combustion followed ultrafine PM number.335,345 particles of the same material.319,331,332,346

by nucleation and condensation. (This review.)

Transition Submicron particles from combustion are Associations of health outcomes and Transition metals catalyze formation of
Metals enriched in transition metals. Fe is more transition metals were found  in some reactive oxygen species.326,342  Metals from

bioavailable from coal fly ash than from studies,327,334 but not in others.325 ambient PM314,322 and coal fly ash344

geological dust with similar size and total Fe.348 induce synthesis of proinflammatory
cytokines in cells and lung inflammation in
rats.317

EC (Soot) Combustion produces 10- to 50-nm diameter Weak association between diesel Carbon black and whole diesel exhaust
carbon-rich primary particles. (This review.) exhaust and cancer risk324 but produced similar lung lesions in rats.330

Diesel exhaust is the major source of urban uncertain dose-response Ultrafine carbon causes lung inflammation.329

soot.308 relationship.347

OC Incomplete combustion produces a wide Exposure studies324 to whole diesel PAH compounds include known and
range of organic species.213,312 exhaust include the soluble organic suspected carcinogens and mutagens.324,328

fraction.
Secondary Most of the urban ambient PM

2.5
 is secondary SO

4
2– and NO

3
– are implicated by NO

3
– not toxic at 1 mg/m3 agricultural

SO
4
2– and NO

3
– aerosol formed from combustion-generated studies that correlated risk with worker exposure.313 High levels of SO

4
2–

SO
2
 and NO

x
.6,8 PM mass.318 associated with increased airway resis-

tance.315

Acidity Cl and S in fuels produce HCl and SO
2
 in the Some evidence for a correlation of Various responses reported to laboratory

combustion products. health outcomes with H+.340 inhalation of acid aerosols.321

Synergistic Effects Combustion emissions contain EC, OC, metal- Epidemiologic studies are confounded Exposure to pairs of pollutants can produce
rich particles, CO, and acid gases. by the complex mixture of pollutants in greater effect than either one alone: ultrafine

ambient air.337,339 PM and O
3
,320 coal fly ash and H

2
SO

4
,25

benzo[a]pyrene and carbon black.316
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 Epidemiology
Epidemiology, the medical science that investigates the
quantitative factors controlling the frequency and distri-
bution of disease, provided the initial evidence that the
PM10 ambient air standard did not meet the legal criteria
in the Clean Air Act to “protect the public health” while
“allowing an adequate margin of safety.”353 The current
emphasis on the health effects of particulate air pollution
was set in motion by the seminal studies of Pope, Schwartz,
and Dockery. Pope compared hospital records for years
when a steel mill in Utah was operating and closed and
showed that elevated PM10 concentration was associated
with increased hospital admissions for pneumonia, pleu-
risy, bronchitis, and asthma.354 Schwartz and Dockery
showed that variation in total suspended PM correlated
with the number of deaths per day in Steubenville, OH,
over an 11-year period.340 Dockery et al. showed that fine-
particulate air pollution, or a factor correlated with fine
PM, contributed to excess mortality in six U.S. cities.318

The methods used in recent air pollution epidemiol-
ogy studies have been reviewed,355,356 and these methods
are based on general correlation models described in ad-
vanced statistics texts.357 Several studies have involved
reexamining previous results by an independent group
of investigators to verify the conclusions by alternative
statistical methods.358,359 The statistical association of fine
PM and various health end points appears to be robust,
that is, independent of the specific correlation model used.
Pope reviewed epidemiology studies of particulate air
pollution from 1953–1996 and listed approximate ranges
of estimated effects.337,355 For a 10-µg/m3 increase in PM10,
the effects were a 1.5–4.0% increase in respiratory mor-
tality, a 0.5–2.0% increase in cardiovascular mortality, a
0.5–4.0% increase in respiratory hospital admissions, and
a 1.0–4.0% increase in grade-school absences. Detecting
such a small increase requires an extremely sensitive sta-
tistical method. Since the average death rate in the United
States is about 20 deaths/day/million persons, a 1% in-
crease in mortality represents 1–2 excess deaths above the
daily average in a metropolitan area containing 5 million
people.

Epidemiology methods have limitations. These stud-
ies can only correlate data that have been consistently
measured over a sufficient geographical area or period of
time to show detectable variation. For example, to test
for the effect of geological particles, studies have had to
use indirect measures of wind-blown dust such as the dates
of dust storms341 or the atmospheric clearing index.338

Epidemiologists have not correlated health effects with
either ultrafine ambient particles or with the ambient
concentration of biologically available transition metals
because these suspect particle characteristics have not been
routinely measured. Although epidemiology can show a

correlation, it cannot prove causality. Two well-correlated
factors may both be individually correlated with a third
unknown factor that is the actual cause. There have been
frequent suggestions that the observed health effects that
have been correlated with particles are actually due to
another pollutant that correlates with PM. Stagnant air
conditions in urban areas can lead to the simultaneous
buildup of multiple pollutants including PM, O3, SO2, CO,
soot, and numerous gas-phase and particle-bound organic
species, so this is a reasonable hypothesis. As will be dis-
cussed in the measurements section of this review, a need
exists for the development of robust, precise, economical
methods for measuring the various particle characteris-
tics that are possible factors for health studies.

Epidemiology studies in Spokane, WA,341 and in
Utah338 suggest that coarse, wind-blown particles are not
the cause of the observed health effects. This implies that
some other component of the urban PM, such as fine par-
ticles from combustion, is related to the observed effects.
An important distinction must be made between chronic
and acute health effects. Some health effects, such as
chronic bronchitis, emphysema, pneumoconiosis, fibro-
sis, and lung cancer, are associated with many years of
exposure to the combustion emissions or other inhalable
toxic agents. The acute effects of particle inhalation in-
clude hospital admissions associated with asthma, bron-
chitis, pleurisy, pneumonia, and cardiovascular disease.
Time-series epidemiology studies show that these effects
typically lag the changes in PM level by 1–5 days.355 Dur-
ing the 1952 London Fog event, a temperature inversion
trapped the air pollution, allowing the buildup of com-
bustion emissions to lethal concentrations over a period
of four days in December. The increase in deaths was al-
most 4-fold during the episode, and the effects started
within a day of the onset of the pollution increase.

The mass concentration increments addressed by
ambient air epidemiology studies are orders of magnitude
below the inhalable particle concentrations for PM in
occupational settings. Average concentrations of diesel PM
ranging up to 1400 µg/m3 have been reported in studies
of underground mines.360 Typical allowable 8-hr concen-
trations for general “nuisance dusts” in occupational set-
tings range from 2000 to 10,000 µg/m3, and these
measurements are usually stated in mg.361 Few papers have
proposed toxicological mechanisms that are based on
particle mass alone at ambient concentrations. Particle
mass, which has been the focus of most ambient PM epi-
demiology, is likely to be a surrogate for the real agent.
However, Harrison and Yin,362 in a review of PM health
effects, discussed the uniformity of epidemiologic corre-
lations between PM concentration and health end points
observed in different regions of the world with different
proportions of SO4

2–, NO3
–, crustal material, and other
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major PM components. They concluded that the avail-
able data provides little support for the idea that any single
major or trace component of PM is responsible for ad-
verse effects, but acknowledged that there is evidence that
particle size rather than mass may be the appropriate
measure to correlate with health effects.

Respiration and Particle Inhalation
The respiratory system will be briefly discussed to pro-
vide a background for the discussion of human popula-
tion, whole animal, and cell culture studies of combustion
particles. Concise descriptions of the human respiratory
system, written in the context of air pollution engineer-
ing, include those by Carel363 and Degobert.248 Guyton
and Hall’s textbook is recommended for a comprehen-
sive introduction to cardiopulmonary physiology,364 while
Netter’s collection of illustrations is recommended for vi-
sualizing respiratory anatomy.365

The observed statistical associations of ambient PM
mass concentration with morbidity and mortality lead to
the mechanistic question: How can a small increase in
the mass of inhaled particles deposited cause sickness or
premature death? A person inhales from 6 to over 12 m3/
day of ambient air, depending on age and physical activ-
ity. This air contains a wide variety of natural particles
from geological and biological sources as well as anthro-
pogenic pollutants. The deposition of supermicron par-
ticles by inertial impaction and of submicron particles by
diffusion depends on the gas velocity and residence time
in various sections of the airway and lung. A widely used
model of size-dependent deposition in the nasopharyn-
geal, tracheo-bronchial, and pulmonary regions of the
respiratory system366 is reproduced in many references,
for example, Wilson and Spengler.367 Most of the PM10 mass
is deposited in the nose and throat, while ~60% of in-
haled PM0.1 is deposited in the lung. Actual size-depen-
dent particle deposition depends on age, health, and
especially on nasal versus oral breathing.368

Assuming typical values for respiratory volume and
alveolar deposition efficiency, a calculation shows that a
10-µg/m3 increment in ambient PM2.5 results in an incre-
ment of 0.02–0.05 mg of particles deposited in the lung
per day. This has lead to the opinion that either some
component of ambient PM is highly toxic or that some
individuals are highly susceptible. Alternatively, particle
number may be considered. Assuming typical values for
ventilation rate, lung surface area, and epithelial cell size,
a calculation indicates that a typical urban, near-high-
way concentration of 105 particles/cm3 results in an al-
veolar deposition rate of ~1 particle per cell per day. Figure
17 shows the relative size of the microscale structures in
the alveolar region of the lung compared to a range of
ambient particles.364,365,369 The accompanying graphs in

Figure 17 show a typical urban aerosol mass distribution
and the calculated number of particles deposited per al-
veolus per day as a function of size. The calculated depo-
sition assumes an ambient concentration of 100 µg/m3 of
PM10, with 40% of the mass being smaller than 2.5 µm,
and 2% being smaller than 0.1 µm. The deposition is cal-
culated using the size-dependent deposition fraction366

and assumes uniform deposition to all alveoli. This analy-
sis shows that fewer than 1 in 1000 alveoli has a coarse
particle deposited per day, but that a typical alveolus may
be exposed to several hundred ultrafine particles per day.

The body has defenses to rapidly remove inhaled par-
ticles. A mucus layer, moved upward by cilia on the cells
lining the airways, transports particles from the respira-
tory system to the throat, where they can be coughed up
or swallowed. The terminal airways and alveoli lack cili-
ated cells. Mobile macrophage cells take up particles by
phagocytosis and remove the particles from the alveoli
by active transport into the ciliated airways. Particles are
also removed from the lung by dissolution and by trans-
port into the lymphatic drainage system. A fraction of
the inhaled particles is retained for a long time in the
respiratory system, either in the airways or in the intersti-
tial spaces. The process of clearing particles from the lungs
can induce secondary physiological responses including
coughing and inflammation. The mammalian respiratory
system is likely to have evolved clearance mechanisms
that are appropriate for the natural background particle
number concentrations. A plausible hypothesis is that the
large numbers of ultrafine particles in the urban aerosol
may simply overload the ability to clear particles from
the lungs. Alternatively, some specific types of inhaled
particles may interact with the body’s nervous and bio-
chemical signaling pathways, resulting in an amplified
response.

Identification of specific particle types in the ambi-
ent mixture that are biologically active for specific health
effects is an active area of research.2,3 The effects of in-
haled particles may increase with decreasing particle size
due to several factors: finer particles are deposited in the
lung rather than in the upper airway; finer particles have
greater surface area per unit mass, which enhances solu-
bility; and finer particles can enter cells more readily and
can be transported from the lung to other organs. The
living cell interacts with the surface of a particle, so sur-
face chemistry, not the volume average composition, is
likely to be most relevant for biological effects of low-
solubility particles.

Controlled Exposure to
Concentrated Ambient Particles

Inhalation exposure studies complement the results of epi-
demiology studies. The effect of particulate air pollution
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can be amplified by conducting controlled inhalation
exposure studies with concentrated ambient PM. This has
been facilitated by the development of virtual impactor
particle concentrators370–372 and centrifugal particle con-
centrators373 that keep the aerosol suspended while sepa-
rating the gas from the particles. These particle
concentrators can be staged to supply an inhalation cham-
ber with air containing a 10-fold or higher concentration
of ambient PM. Studies of this type are being conducted
with both human volunteers323 and with laboratory ani-
mals.374,375 An early conclusion is that healthy adults show
no adverse impacts from short duration exposure to con-
centrated ambient particles.323,326

Laboratory Studies with Surrogate Particles
A disadvantage of both epidemiologic studies and stud-
ies using concentrated ambient PM is that the subject
is exposed to a complex mixture containing contribu-
tions from many sources, most of which are unknown
or poorly characterized. An alternative is to conduct

studies with laboratory-generated surrogate particles
from well-characterized sources. This approach is most
appropriate for conducting mechanistic hypothesis-
based toxicological experiments, since the investigator
can specify the particle characteristics used for the test
and control condition pairs. An example of this type of
study involved supplying fresh laboratory-generated
coal fly ash particles to animal inhalation chambers as
part of a study of the combined effects of H2SO4 and
coal fly ash.25,376 Inhalation studies involving ultrafine
and nanoparticle PM also require having a laboratory
particle generator connected to the inhalation cham-
ber due to the rapid transformation of the particles by
coagulation.377 Surrogate particle inhalation studies re-
quire close cooperation between the life sciences and
aerosol team members as well as physical proximity of
the animal care and combustion facilities. Due to the
cost and complexity of conducting animal inhalation
studies at combustion facilities, alternative experimen-
tal methods are common.

Figure 17. Scale drawing comparing ambient particles to structures in the aveoli of the human lung. The graphs show a typical ambient PM mass
distribution and the expected number of particles of each size deposited per alveolus per day. Submicron particles are suspected to be important for
health effects because of the large number deposited in the lung and because these particles can move into the interstitial space and blood stream.
Compiled from information in refs 364, 365, 369.
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Inhalation of resuspended particles allows the par-
ticle generation and collection to be separated from the
exposure studies. There is little difficulty in resuspending
2.5- to 10-µm aerosol particles, and resuspension is also
suitable for testing hypotheses related to particle chemi-
cal composition if particles with size-independent com-
position are available. Surface forces make the dispersion
of submicron particles difficult, so resuspension has seri-
ous disadvantages if the hypothesis involves testing size-
dependent effects. Improved methods for particle
resuspension have been developed.378–380

Alternatively, particles may be instilled into the lung
as a suspension in saline solution. Despite the artifacts
introduced by this invasive procedure, instillation stud-
ies have been used to investigate combustion particle ef-
fects.317,329,331,381 Cell culture studies involve mammalian
cells or bacteria growing in an appropriate medium. Nor-
mally, the cells grow as a layer on the bottom of the cul-
ture dish or flask. The cells can be systematically exposed
to various types of combustion particles or particle ex-
tracts to test specific biochemical hypotheses.314,382 The
biochemistry of single cells, especially cell lines derived
from tumors, can differ from the responses that occur in
the normal whole animal. Also, cell culture studies do
not include any effects related to the interaction of the
respiratory tract and nervous system with the particles.

In vitro experiments performed with purified chemi-
cals under cell-free conditions can isolate specific mecha-
nism steps such as the rate of mass transfer of a potentially
toxic component from a combustion particle. But even
experiments that simulate physiologically relevant con-
ditions simulate only a fraction of the biochemistry that
takes place in a living organism.

Laboratory experiments with surrogate particles can
be conducted in vitro, using cell-free models of selected
biochemical steps; in cell culture, using established cell
lines; and in animal models of the human respiratory sys-
tem. Specific mechanistic hypotheses can be tested by
using well-characterized particles from known sources.
These types of studies provide an important link between
fundamental biochemistry and human population stud-
ies. The next section will discuss some of the hypotheses
that are topics of current PM research.

Cardiopulmonary Effects of Particles
An active hypothesis is that the observed cardiac symp-
toms associated with particle inhalation may be medi-
ated by the nervous system. Certain nervous
system-activated changes in heart rate, blood pressure,
blood viscosity, and heart-rate variability are associated with
an increased likelihood of sudden cardiac death.383 A study
of 90 elderly subjects showed that changes in blood oxy-
gen saturation were not associated with exposure to

particle air pollution, but increased pulse rate was associ-
ated with exposure to particle air pollution on the previ-
ous 1–5 days.384 A decline in heart-rate variability is a
quantitative indication of impairment of the autonomic
function, that is, a decline in the ability of the cardiorespi-
ratory system to respond to changes. A decrease in heart-
rate variability has been observed for persons exposed to
increased ambient PM10 in Utah385 and to increased PM2.5

in the Boston area.386 Cardiac monitoring may provide a
sensitive indication of acute response that will be useful in
identifying the relative importance of different components
of ambient aerosol. Exposure of dogs with induced coro-
nary occlusion to concentrated ambient particles affected
one of the major electrocardiogram signs of myocardial
ischemia,375 and other cardiac and respiratory parameters
were also affected. This suggests a plausible mechanism
by which persons with existing heart disease may become
more susceptible to serious cardiac effects when they are
exposed to some component of ambient PM.

Biochemical Signaling
The nervous system and other biological signaling path-
ways can result in enormous amplification of a stimulus.
Persons with hay fever or asthma are familiar with the
massive response that can occur within minutes of expo-
sure to an allergen. Cytokines are intracellular signaling
molecules that mediate many protective physiological
functions such as increasing the blood circulation and
recruiting leukocytes (white blood cells) at the site of an
infection. Cytokines can also induce potentially harmful
responses such as prolonged tissue inflammation and de-
velopment of fibrosis in response to irritants.387,388 Lung
inflammation has been associated with exposure to el-
evated ambient PM,389,390 and a number of studies are fo-
cusing on the relationship of inhalable particles to the
biochemical events leading to lung inflamma-
tion.158,317,326,344,391–394 Combustion particles may contain
specific chemical species that are able to activate biologi-
cal signaling pathways, and a number of these hypoth-
eses involve transition metals.

Transition Metals and Biochemical Processes
Particles provide a vehicle for metals to enter the body in
inappropriate amounts. Much of the literature on the tox-
icity of solid-phase metal compounds is based on inges-
tion rather than on inhalation.395 Ingestion dose-response
relationships may be relevant for the effects of larger par-
ticles that are deposited in the upper airways but are rap-
idly cleared from the respiratory system to the throat,
where they are swallowed. However, submicron particles
are deposited deep in the lung, and ultrafine particles are
able to pass from the lung directly into the body.331 There
is increasing evidence that the same element has very
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different behavior when inhaled than when ingested. Mn,
a necessary trace mineral in the diet and a controversial
octane-boosting additive in gasoline,396 provides an ex-
ample. Dietary Mn is homeostatically regulated by the
liver, and ~3% of ingested Mn is absorbed.397 Inhalation
bypasses the digestive system, and up to 40% of inhaled
Mn is absorbed.398

The dose of a particle-bound element that is avail-
able to the body depends on the entry route, the particle
size and morphology, and the mineral species in the par-
ticle. When conducting laboratory experiments on metal
bioavailability, it is necessary to distinguish between in
vitro, extracellular, and intracellular behavior, since the
solubility of transition metals from a given combustion
ash mineral species depends on the pH and the presence
of chelators. Many chelators are present in cells, and some,
such as citrate, are present at millimolar concentrations.

Transition metals on inhaled particles may act as bio-
chemical catalysts that can induce other biochemical re-
sponses. Transition metals, such as V, Cu, Fe, and Pt, can
catalyze the generation of ROS399 that have been associ-
ated with both direct molecular damage and with the
induction of biochemical synthesis pathways. Coal fly
ash and residual oil fly ash have been studied as examples
of combustion particles enriched in transition metals.
Residual oil fly ash has been shown to induce inflam-
matory cytokines in human bronchial epithelial cells314

and both lung inflammation326 and cardiac arrhythmia158

in inhalation studies with rats. Coal fly ash has been
shown to be a source of bioavailable iron343 and can also
induce inflammatory cytokines in human lung epithe-
lial cells.344 Generation of ROS and induction of cytokines
in human bronchial cells has also been reported in stud-
ies of diesel exhaust particles.400 The amount of
bioavailable transition metals contained in particles has
been associated with acute lung inflammation from both
combustion and ambient particles.317 Studies have con-
sidered the water-soluble transition metals,159 metals as-
sociated with organic material,392 and metals that can be
mobilized by an intracellular chelator at physiological
conditions.342

A study of ROS generation in polymorphonuclear leu-
kocytes (a white blood cell type frequently found in the
airways of persons exposed to particles) using oil fly ash,
coal fly ash, carbon black, natural dust, and ambient par-
ticles reported that the ROS correlated with the fraction
of Si, Fe, Mn, Ti, and Co that was not removed by dis-
tilled-water washing.401 In studies with coal fly ash and
geological dusts,402 the amount of bioavailable Fe under
physiologically relevant in vitro conditions did not cor-
relate with the total Fe in the particles, as shown in Fig-
ure 18.342,343,403,404 Cultured human lung epithelial cells
(Type A549) were exposed to PM1-enriched coal fly ash

both as-collected and after pretreatment with the chela-
tor desferrioxamine B. The chelator removed the ability
of the coal fly ash to induce the synthesis of the
proinflammatory cytokine IL-8.344 Mössbauer spectroscopy
of the coal fly ash before and after the desferrioxamine B
treatment showed that Fe in an aluminosilicate glass phase
was preferentially removed.348 Fe in aluminosilicate glass
occurs in combustion ash that is produced by rapid
quenching from high temperature, but is not commonly
found in dusts with similar elemental composition that
have been produced by geological weathering.

Traditional mass transfer and heterogeneous chemi-
cal reaction theory405 was applied to analysis of the mea-
sured rate of Fe mobilization from various sizes of coal fly
ash by the chelator citrate. The rate of Fe mobilization
was consistent with solid-phase-limited diffusion mass
transfer, but the final values were consistent with size-
dependent differences in initial composition.402 Such size-
dependent composition differences are expected from the
mechanism of coal fly ash formation described in the fun-
damentals section above. These results show the impor-
tance of particle size and chemical speciation in the
activation of specific biochemical pathways and suggest
mechanistic reasons for differences in the response of the
body to combustion and geological particles.

Soot and Biochemical Processes
Soot is the major type of combustion-derived ultrafine PM,
and associated organic and inorganic compounds cause soot
to have mutagenic, carcinogenic, and irritant properties. A
study of size-fractionated urban PM showed that the mu-
tagenic activity increased with decreasing particle size,333

which is consistent with expectations for organic compounds

Figure 18. Iron mobilized by the chelator citrate and physiological
pH from three types of coal fly ash, two types of dust from unpaved
desert roads, mine tailings, urban particles, and pure iron oxides. The
mobilized iron does not correlate with the total iron in the particles.
Data sources: urban particles,342 CFA,343 geological dusts,403 iron
oxides.404
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condensed on submicron combustion particles. The inde-
terminate chemical composition of the EC and OC mix-
ture emitted from combustion, ranging from fuel-like
hydrocarbons to primary particles formed from graphite-
like fused aromatic rings, greatly complicates biochemical
studies. Carbon black is often used as a surrogate for the
EC component of real combustion soot.329,330 Various sol-
vent extracts of soot, or isolated compounds such as spe-
cific PAH species, have been used as surrogates in
toxicological studies of the OC fraction of combustion soot.
Many PAHs are suspected carcinogens and mutagens,406 and
there has been considerable controversy regarding the role
of nitroaromatic compounds because of the differing re-
sults in bacteria and mammalian cells.407 Quantified com-
pounds account for only a fraction of the observed
mutagenicity of real soot mixtures.

Chlorinated polycyclic aromatic compounds, espe-
cially polychlorinated dibenzo-p-dioxins, and furans are
also associated with combustion emissions. These com-
pounds are fat-soluble, accumulate up the food chain, and
have been suspected to disrupt or mimic the action of
developmental hormones.408 The most-studied effects in-
volve chronic exposure, but the possibility of acute ef-
fects from these compounds cannot be ruled out. The
chlorinated dioxin and furan compounds are a special
concern for municipal and medical waste incineration.231

Emissions of chlorinated dioxin and furan compounds
do not appear to be a problem when burning fuels that
contain more sulfur than chlorine, such as coal.

Ultrafines
Ultrafine particles and nanoparticles have been proposed
by some health researchers377 as the biologically impor-
tant ambient particle. Ultrafine particles are deposited by
diffusion deep in the lung and have been found by
Oberdörster et al.331 to be retained in the lungs. Ultrafine
particles can also pass through the cells lining the lung
and enter the interstitial space. Table 9 summarizes stud-
ies with micron-sized and ultrafine particles of the same
compound.319,329,331,409–411 The data show that ultrafine par-
ticles often have a greater biological effect than an equal
mass of larger particles of the same substance.

For slightly soluble particles, the high surface area of
ultrafine and nanoparticles can result in a faster release of
toxic compound than would result from larger particles
of the same composition. The concentration of a toxic
substance reached in cells or in body fluids is the dynamic
result of the relative rates of release from the particle and
of clearance of the toxic material from the body.

Synergistic Effects
The combination of multiple toxic substances often has a
much greater effect than the sum of the effects of the

individual substances. Historically, emissions of combus-
tion particle and sulfur oxides have been closely linked.
Separating the effects of these pollutants was difficult since
both were produced from burning coal. Coal was used
extensively in urban areas for both industrial steam en-
gines and domestic heating in Europe and North America
prior to the 1950s, when natural-gas pipelines, automo-
biles, and regulations for large industrial sources changed
the emission pattern. European regulations treated these
pollutants as a combination and set a limit on SO2 that
varied with the smoke concentration (roughly a measure
of EC).362,412 The assumption underlying this approach was
that acid gases adsorbed on the surface of particles could
be transported into the lung, whereas vapor-phase acid
would diffuse to the wall of the upper respiratory tract.
Amdur and coworkers conducted extensive studies of the
health effects of H2SO4 aerosols, both as a pure compo-
nent and in combination with coal fly ash.25,26,413

Amdur25,26 reported that a 10-fold increase in dose
with acid aerosol alone was required to match the effect
on lung-diffusing capacity caused by inhalation of H2SO4

condensed on PM. A concentration of 310 mg/m3 of
H2SO4 mist corresponded to the same change in diffu-
sion capacity as occurred when the H2SO4 was surface-
layered on a coal fly ash particle at a concentration of 30
mg/m3. In addition, the type of particle was also impor-
tant. Amdur found that with lignite, which has higher
Ca and Na than does bituminous coal, the H2SO4 reacted
with the alkali to form sulfates. With bituminous coal,
which has Al, Si, and Fe-rich ash, H2SO4 persisted on the
particles. Synergistic effects between other combustion-
generated pollutants occurring on the same particle have
been studied. For example, the combination of
benzo[a]pyrene adsorbed on carbon black caused release
of tumor necrosis factor-alpha and caused programmed
cell death of lung macrophages, but neither carbon black
nor benzo[a]pyrene had this effect alone.316 Other syn-
ergistic effects involve particles plus a gas-phase pollut-
ant, such as O3.

320

Importance of Chemically Speciated
PM Sampling

Equal mass doses of sea salt, desert dust, and diesel ex-
haust are unlikely to have the same effect on the body.
The startup of a large number of air monitoring sites that
will routinely report individual chemical categories of PM
(EC, OC, SO4

2–, NO3
–, other inorganic) and the funding of

EPA particulate research centers and Supersites will pro-
vide input data for epidemiology studies. Improved char-
acterization of combustion and other PM sources will
provide data needed to relate the chemical speciation at
receptor sites to the major sources. Controlled toxicology
studies using exposure to well-characterized components
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of ambient aerosol will be needed to develop a mechanis-
tic understanding of how particles affect the body.

AIR QUALITY REGULATIONS
The preceding discussion of the respiratory system and
air pollution health effects sets the framework for discuss-
ing air quality regulations. These regulations have the
primary purpose of protecting human health and the sec-
ondary purpose of reducing other environmental impacts
of pollution. Environmental laws must be unambiguous
for the regulated sources, the enforcement agencies, and
the affected public. A prerequisite to developing a rule is
that a means must exist to measure the component(s) to
be regulated so that compliance monitoring can take place.
This monitoring must be cost-effective and reproducible.
As a result, the existing regulations focus on regulating
ambient concentrations of pollutants for which reason-
able cost, robust, and precise measurement methods are
available.

Three sections of the U.S. Clean Air Act apply directly
to PM. The most important of these are the NAAQS, which
include PM10 and the newly implemented PM2.5 regula-
tions. The EPA301 has indicated that the PM10 trend is im-
proving, with a decrease of 26% in average ambient
concentrations from 1988 to 1997. In 1987, the original
NAAQS for total suspended PM was replaced by a PM10

standard set at 150 µg/m3 24-hr average and 50 µg/m3

annual average. The legal requirement to periodically re-
view the standards, combined with growing epidemio-
logic evidence and a citizen lawsuit, lead to further

rulemaking. In 1997, the EPA revised its existing PM stan-
dards by adding the PM2.5 standard.414 The annual stan-
dard is set at 15 µg/m3, with a new 24-hr standard set at
65 µg/m3. The PM10 annual standard was retained, but
the statistical method of determining compliance with
the 24-hr average was modified. The scientific evidence
considered by the EPA in setting the standard was com-
piled into a criteria document.305

It should be noted that the standard was recently (May
14, 1999) challenged, and a panel of the U.S. Court of Ap-
peals for the District of Columbia remanded the new stan-
dards for PM2.5 and O3. In a summary of the decision, the
EPA points out that the court did not question the health
evidence for the standard; rather, the decision required more
explanation of the process used to set the standard. Con-
gress has required the National Research Council to form a
committee to guide the PM research and monitoring
agenda. This committee is charged to write four reports
between 1998 and 2002, when EPA is to complete a 5-year
scientific review of the standards, leading to possible revi-
sion. Two of the four reports have been completed.415,416

The current regulation is based on PM2.5 measured by the
Federal Reference Method. This mass is dominated by sec-
ondary SO4

2– and NO3
– aerosol and by EC and OC. Submi-

cron inorganic ash and ultrafines from combustion are a
small part of the PM2.5 mass in many locations. However,
the mass measurements do not directly relate to the previ-
ously discussed mechanistic toxicological hypotheses.
Other characteristics, such as the morphology and chem-
istry of ultrafine particles, may be more important than

Table 9. Studies of ultrafine vs. larger particles of the same substance.

Material Dose/Method References Results

Titanium dioxide Rat, instillation 331 Increased pulmonary toxicity of ultrafines related to surface area and the
 20-nm and 200-nm ability to enter interstitial spaces. Alveolar macrophage involvement.

Titanium dioxide Rat, inhalation, 410 Greater inflammatory response at equal dose with 20-nm particles.
 20-nm and 250-nm 22 mg/m3, 6 hr/day for 6 months

Titanium dioxide Rat explants in vitro 411 Ultrafine particles were able to induce procollagen expression, which is
21-nm and 120-nm related to development of airway fibrosis.

Carbon black Rat, instillation 329 Ultrafine carbon black had greater ability to produce lung inflammation at low dose.
14-nm and 260-nm

Carbon black Rat, inhalation 319 No effect with 260-nm particles. Ultrafine produced proinflammatory response,
14-nm and 260-nm 1 mg/m3, 7 hr one-time oxidative stress, increased procoagulant blood factor.

Magnesium dioxide Human, inhalation 409 No significant differences in bronchoalveolar lavage cell concentration or cytokine
UF, 28% < 0.1 µm concentration. Suggested that particle composition, not size alone, is significant.
F, 98% < 2.5 µm
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simple mass. The EPA is attempting to address this fact by
its ambitious Supersite program. These Supersites intend
to support the on-going health studies by obtaining chemi-
cal- and time-resolved data using a range of research meth-
ods. However, one must realize that cost-effective, robust,
and simple monitoring methods must be available before
any change in the present standards can be realistically
promulgated and implemented.

The second regulation can be found in the regional
haze rule.417 Decreased visibility occurs due to the scatter-
ing and absorption of light by particles. This is of particu-
lar concern in the 156 National Parks and Wilderness Areas
that are designated as mandatory Class I air quality areas
in the United States. Since fine particles are transported
over hundreds of miles, all 50 states will have to partici-
pate in planning, analysis, and, in some cases, emission
control programs. Since submicron particles scatter light
efficiently, combustion-generated PM has a large impact
on visibility, even when the primary combustion PM rep-
resents a small part of the total PM2.5 mass. The EC, which
results in light absorption rather than light scattering, is
particularly important for visibility. In addition, second-
ary PM, not covered by this review, is important. Regula-
tions to control acid rain precursors and photochemical
smog precursors also reduce the ambient particle concen-
tration, since SO2 and NOx are also the precursors of sec-
ondary SO4

2– and NO3
– particles. Visibility rules may prove

to be more stringent than health standards in controlling
the emission of submicron particles from combustion
sources.

Finally, the Clean Air Act Amendments of 1990 require
the EPA to address 188 hazardous air pollutants (HAPs). In-
cluded in this list are As, Be, Cd, Co, Cr, Hg, Ni, Mn, Pb, Sb,
and Se, which are contained in fuels. The accumulation of
toxic metals, such as Se and Hg, and the accumulation of
persistent organic compounds, such as chlorinated dioxins
and furans, in ecosystems is a concern that affects standards
for combustion particle emissions. Current regulations fo-
cus on sources emitting greater than 25 tons/year, and elec-
tric utility steam-generating boilers are temporally exempt
from the regulations. Due to amplification in the food chain,
and to public concern for wildlife and endangered species,
these indirect effects of particles may also result in more
stringent regulation of sources. Complying with the eco-
logical goals of the HAP regulations will require an under-
standing of the relationship between combustion conditions
and the emissions of these trace elements.

Adverse health effects originally identified by epide-
miology studies motivated the public perceptions and le-
gal actions that have resulted in new regulations for
ambient PM. Current air quality standards are based on
the mass of particles smaller than a specified size; how-
ever, toxicological studies may eventually identify

specific categories of ambient PM that need stricter con-
trol to protect public health. Advances in understand-
ing the formation and transformation of combustion
aerosols and advanced monitoring techniques must take
place to meet the challenge of setting and complying
with regulatory standards.

TIME- AND SIZE-RESOLVED PARTICLE
MEASUREMENTS
The ability to test various health-related hypotheses is
closely linked to which PM characteristics can be mea-
sured at combustion sources and in the ambient air. The
particle measurement issues that are especially relevant for
testing current health effects hypotheses regarding metals,
ultrafines, and soot from combustion sources include

• Measurement Artifacts. This includes all the par-
ticle transformations that can be different be-
tween a sampling train and the ambient air. Due
to the effects of temperature-dilution history on
the partitioning of chemical species between the
gas phase and the particles, the PM that is mea-
sured in the laboratory may have a different size-
dependent composition than the PM to which
the population is exposed. Also, transformation
of the particle size distribution due to coagula-
tion, surface condensation, chemical reactions,
and size-selective removal may occur as a result
of the sampling methodology.

• Instrument Limitations. Methods are needed to
measure particle-to-particle variation, which pro-
vides information that is lost in the bulk average
properties of the PM collected by filter sampling.
Rapid response instruments are needed to quan-
tify short duration transients in particulate air
pollution that may have significant health effects.
Many methods for measuring aerosols that were
developed for supermicron particles need to be
modified or extended for ultrafine PM.

Measurement Artifacts
The historic regulation of the total PM mass smaller than
a given size has produced precise mass measurement tech-
niques. Since the largest particles dominate the mass, there
has been an emphasis on isokinetic sampling. There has
also been concern about equilibrating the samples to con-
stant humidity before weighing, even though the mass of
particle-bound water is unlikely to have biological impor-
tance. The techniques that yield precise mass measure-
ments may, however, introduce serious artifacts if the goal
is to obtain data on submicron particle composition and
size distribution. For example, allowing air of variable tem-
perature, pollutant concentration, and humidity to pass
over the accumulating filter deposit for 1–6 days can strip
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the more volatile species from the collected particles be-
fore the sample is weighed. This has led to the develop-
ment of samplers that can quantify the volatile PM.418,419

While there is uncertainty regarding the significance of
the mass of volatiles adsorbed on particles, this serves as
an example of the importance of using appropriate par-
ticle measurement methods when testing a given toxico-
logical hypothesis.

Condensable PM, that is, material that condenses into
a liquid or solid within a few seconds of leaving the stack,
can be comparable in mass to the filterable PM10 measured
in the stack of a power plant.420 Currently, U.S. regulations
do not require measuring condensable PM when stack-
testing stationary sources. This is another example of how
measurement protocols developed for regulatory compli-
ance do not collect the data that is most needed for health
and environmental studies.

Dilution tunnels were developed for measuring con-
densable particulate, including both SO4

2– aerosol and or-
ganic compounds from vehicle exhaust and stationary
sources of VOCs.278,421 The dilution tunnel process involves
mixing the hot combustion emissions with filtered air, al-
lowing a short residence time, then extracting a particu-
late sample for either on-line analysis or for collection on a
filter. Dilution tunnels were developed to measure mass
and chemical composition of PM. The possibility that a
laboratory dilution tunnel could create a different particle
size distribution than the size distribution that occurs dur-
ing natural dilution was pointed out by Kittelson and Dolan
20 years ago.422 Since then, many papers have discussed
the artifacts that can occur in dilution tunnels.265,423–428

The formation of particles during dilution depends
on the opposing effects on condensation of the decreas-
ing saturation pressure of the volatile species due to cool-
ing and the decreasing partial pressure of the volatile
species due to mixing. The saturation reaches a peak in
the dilution range of 5:1 to 50:1, depending on the boil-
ing point of the volatile species and the initial tempera-
tures of the exhaust and dilution gases. Particles will be
formed by nucleation if the mixture stays in this dilution
range for sufficient time for significant mass transfer to
take place. Typical dilution tunnels operate in the range
of 3:1 to 20:1 and have residence times on the order of
seconds, so critical supersaturation may be exceeded long
enough for formation of nuclei particles followed by rapid
growth from condensation. The formation of H2SO4/H2O
particles is an example in which dilution conditions in-
fluence the measured particle number both in dilution
tunnels429 and in the atmosphere.430

Unlike mass, particle number is not conserved, and
the effect of dilution conditions makes it difficult to com-
pare the particle number size distributions measured by
different investigators. This is especially important when

using combustion source measurements for investigating
the health effects of ultrafines and nanoparticles. Changes
in particle number of up to 2 orders of magnitude have
been reported when conditions were varied over the typi-
cal range used in laboratory dilution systems.429 Initial
combustion exhaust conditions, dilution history, dilution
gas temperature and relative humidity, and the residence
time interact to affect nucleation and surface growth.
Careful interpretation of conditions used for experiments
is required. For example, diesel exhaust studies have re-
ported that high dilution ratio both increases426 and de-
creases429 formation of particles below 50 nm.

Research studies of the particulate emissions from IC
engines fall into two groups: studies of the transient mix-
ing and chemical reactions inside the cylinder, and stud-
ies of the tailpipe emissions to the atmosphere. Between
these points is the exhaust system in which the undiluted
exhaust cools and ages, but is not diluted. The gas resi-
dence time in the engine cylinder is 10–30 msec, depend-
ing on engine speed. The time from the cylinder to the
atmosphere for a typical heavy-duty truck engine exhaust
system is 100–300 msec, about 10 times greater. The ex-
tractive particle sampling systems used by various inves-
tigators can add another 0.25–1 sec or more to the age of
the aerosol before dilution begins. The dilution of tailpipe
exhaust under highway conditions starts at the tailpipe
and is about 1000:1 after 1 sec.423 The coagulation of equal
size particles is proportional to n2, so most particle growth
by coagulation takes place prior to the onset of exhaust
dilution. Under urban conditions, once combustion ex-
haust is diluted more than ~100:1, the collisions between
accumulation mode particles from the ambient air and
ultrafines from the combustion source become significant
compared with the coagulation between ultrafine particles
originating from a single source.

The ultrafine particle size distribution formed from
hot diesel exhaust in a laboratory dilution tunnel operat-
ing with filtered air may be very different from the size
distribution formed under roadway dilution conditions
with ambient air. Ambient air contains accumulation
mode particles that, due to the increased collision rate
between particles of different size, increase the rate at
which the nuclei and condensation mode ultrafines are
depleted. A novel approach to studying dilution effects
involves the simultaneous use on a moving truck of both
a dilution tunnel extracting from the tailpipe and an in-
plume sampler with the inlet mounted on the rear of the
trailer.431 For these experiments, the dilution system mea-
surement showed a smaller accumulation mode mean size
than did the in-plume measurement.432

Nanoparticles are difficult to measure because they
are rapidly transformed by coagulation, surface growth,
and transport to the walls of the equipment. Internal
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combustion engine particle number measurements may
contain artifacts from the sampling lines due to both
desorption of condensed material and reentrainment of
deposits. A dynamometer study comparing tailpipe and
dilution tunnel measurements of gasoline vehicle ex-
haust particle concentration found that a heated and
insulated transfer line resulted in a very intense
nanoparticle mode when the drive cycle involved op-
eration at high vehicle speed.433 This ultrafine mode was
not detected under identical operating conditions with
an unheated transfer line. This artifact was attributed to
the hot exhaust increasing the transfer line temperature
above 180–250 °C, resulting in desorption/pyrolysis of
organic material in the line.

There is a need for improved technology for making
laboratory measurements of combustion PM that can be
related to the real behavior of particles in the combustor
exhaust, the initial plume, and the atmosphere. Computer
simulations of the fundamental mechanisms of aerosol
formation and transformation can be used to interpret
and compare particle size distribution data collected un-
der various dilution configurations. Rapid dilution is es-
sential if the ultrafines generated in combustion are to be
measured. Likewise, ultrafines are most likely to survive
from the combustion source to inhalation exposure when
there is rapid dilution with relatively clean ambient air.

The commonly used instruments have limitations
that may introduce artifacts into measurements of
ultrafine particles. Many published graphs of combustion
particle number distributions show the highest concen-
tration in the smallest size range measured by an SMPS.
This makes the integrated total particle number suspect
since there may be extremely high concentrations of un-
detected nuclei particles present. Some authors explicitly
acknowledge this measurement truncation problem by
stating the results as the total number within the range of
the SMPS. Another approach, for example, that used by
Khalek et al.,262 is to fit a lognormal distribution to the
data with an algorithm that allows for truncated mea-
surements. Truncation of the measured size distribution
is an important issue both when using experimental data
as the input to a coagulation model calculation and when
testing toxicological hypotheses related to ultrafine par-
ticle number.

Characterization of particle number and chemical
composition from combustion and other PM sources is
important for both source apportionment studies of the
submicron ambient aerosol and for designing controlled
tests of particular toxicological hypotheses regarding
ultrafines, metals, and synergistic effects between par-
ticle components. The size distribution measured from
dilution tunnel sampling shows artificially high num-
bers of particles. However, there is also the possibility

that a substantial portion of the nuclei is below the de-
tection limit of the instruments used.

Instrumentation Needs
To understand what particle characteristics affect human
health, we must develop ways to make inexpensive, ro-
bust measurements of particle size distribution, morphol-
ogy, and chemical speciation. The important variables
have not yet been identified, but the current inhalation
toxicology research direction suggests that a better un-
derstanding of health effects will require more time-re-
solved, size-segregated, chemically speciated data from
both combustion sources and ambient monitors. Testing
of epidemiologic hypotheses requires wide-scale, long-
term measurement of PM characteristics. The characteris-
tics selected for measurement should be economical to
quantify under field conditions and should be well corre-
lated with the factors that are suspected to be biologically
significant.

Filter samples provide only time-averaged aerosol
properties, but individual particle composition contains
information that is important for both source apportion-
ment and toxicology studies. The urban aerosol contains
contributions from nearby and regional sources, both
natural and anthropogenic, that have aged in the atmo-
sphere from minutes to days. A typical ambient particle
that is inhaled consists of coagulated primary combus-
tion particles or geological particles, coated with some
mixture of condensable organic species, secondary SO4

2–

and NO3
–, and H2O at equilibrium with local humidity.

The particle-to-particle variation reflects different sources
and transformation histories. The different particle types
within the ambient mixture are likely to have different
effects when inhaled. The information on particle-to-par-
ticle variation is preserved by single particle techniques,
such as electron microscopy and aerosol mass spectrom-
etry. However, it is necessary to efficiently measure a sta-
tistically large population of particles to obtain meaningful
ensemble averages of the ambient PM as a function of
time and place.

The wide variation in the physical and chemical char-
acteristics of combustion PM emissions as operating con-
ditions change creates a need for near-real-time
measurements that can capture both the transient emis-
sions and the variation between individual sources in a
category. For IC engines, toxicological hypotheses moti-
vate a desire to characterize the soot, the soluble organic
compounds including individual PAH, the ultrafine par-
ticle number, and the metal speciation with various fuels
at various speeds and loads. Likewise, measurements of a
few boilers, gas turbines, or fireplaces cannot be expected
to fully describe the emissions from all similar sources.
One of the most challenging combustion PM problems is
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to characterize highly variable sources such as open burn-
ing and domestic biomass combustion. Compliance moni-
toring methods such as filter sampling of an automobile
over the FTP drive cycle, or a 2- to 4-hr steady-state stack
test of a boiler, cannot measure the transients. Collecting
statistical data on a representative sample of in-service
sources is slow and very expensive using compliance meth-
ods. This section will discuss some of the research instru-
ments that may offer improved capability to make time-
and size-resolved measurements of PM2.5 and ultrafine PM.

Desirable instrument characteristics for testing epi-
demiologic hypotheses include low cost per data point to
allow collection of sufficient data to perform statistical
analysis, rapid response to allow tracking of transients,
reliability and ruggedness to allow use under field condi-
tions, and reproducibility to allow comparisons between
investigators. Desirable characteristics for source appor-
tionment and toxicology studies are the ability to pro-
vide information on detailed morphology and chemical
composition that is relevant to the origin of the particle
and its behavior inside the body.

Chemical analysis techniques for source apportion-
ment rely on variation in the concentration of specific
compounds that provide individual “markers” or “finger-
prints” (i.e., characteristic patterns) for identification of
sources. The pioneering studies used elemental composi-
tion: Pb for gasoline engines, V for oil-burning power
plants, Se for coal-fired boilers, and Al for geological ma-
terials.306 This allowed identification of only a few catego-
ries, and changes in technology, such as the phase-out of
leaded gasoline, have eliminated some of the markers.
Compared with less than 50 elements that are potential
markers of combustion particles, organic compounds pro-
vide tens of thousands of potential markers, allowing de-
tailed identification of combustion sources.156,298,434,435 A
“memory” of the original fuel is preserved in the detailed
composition of the products of incomplete combustion.
A limitation of these organic markers is the time needed
to collect and analyze a sample by conventional solvent-
extraction and gas chromatography. An alternative tech-
nique, currently being tested in research programs, is
thermal desorption gas chromatography (TD-GC),436

which involves controlled heating of a lightly loaded par-
ticulate filter. This method has been shown to provide
composition data with 2-hr time resolution that are nearly
identical to collocated 24-hr samples that were analyzed
by conventional solvent-extraction, GC/MS methods. Pro-
totypes indicate that TD-GC has the potential to be fully
automated in a field-transportable unit.

Another option for rapid organic analysis is the pho-
toelectric aerosol sensor (PAS),437,438 which provides a real-
time indication of changes in the amount of
particle-bound PAH. This instrument is compact and has

a sensitivity of about 1 ng PAH/m3.439 The value of rapid
time-resolved PAH measurement is illustrated by a study
in which a PAS was installed near the runway of an Air
Force base. The spikes in the signal could be correlated
with flight logs showing the activity of specific aircraft,
as indicated in Figure 19.440 The PAS signal is a weighted
sum from many chemical species. Some research has been
completed to quantify the relationship between the PAS
instrument reading and conventional measurements of in-
dividual PAH by traditional methods for a range of sources.
The ability to make rapid semi-quantitative measurements
of PAH is extremely valuable for characterization of the
variation in the emissions from large populations of simi-
lar sources, and to study the effect of combustion tran-
sients on the time-averaged emissions. Ongoing research
includes developing methods to use the PAS to monitor
for high PM-emitting equipment in an operational fleet
through edge-of-roadway or edge-of-runway real-time
measurements.

Soot is a functional definition and actual combus-
tion particulate emissions are a complex mixture of or-
ganic compounds ranging from unburned fuel to
graphite-like polycyclic structures, making an arbitrary di-
vision into composition categories necessary. These divi-
sions are based on behavior in an analytical procedure.
The measured split between OC and EC is based on the
light-adsorbing properties of a filter punch as a function
of temperature, first under a helium atmosphere and then
under an oxygen/helium atmosphere.441 Changes in the
procedure, for example, the NIOSH and IMPROVE meth-
ods, give different results.442 The fuel- and lubricant-de-
rived hydrocarbons are alternatively distinguished from
the graphite-like carbon structures in soot by measuring
the soluble organic fraction using dichloromethane or a
similar solvent.443 Further separation of the soluble organic
compounds usually involves extraction with aqueous and
organic solvents, acidic and basic solvents, and polar and
non-polar solvents until various classes such as paraffins,
aromatics, and oxygenates are isolated for analysis by gas
chromatography.275,276,444,445

EC, or soot, is an important class of particulate air
pollution, and the ability to economically make near-
real-time measurements of EC is valuable for character-
izing transient emissions from combustion sources. The
photoacoustic analyzer detects light-absorbing particles
(black carbon) by the transient heating resulting from a
pulsating laser beam passing through the sample cham-
ber.446,447 A preliminary study of IC engine exhaust
showed that the photoacoustic instrument response and
the EC analyzed on filter samples by thermal/optical re-
flectance441 correlated as shown in Figure 20.448 This tech-
nique provides a rapid signal, making time-resolved
measurements of events, such as sudden acceleration of
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the engine, feasible. The instrument also has a wide dy-
namic range, making it suitable both for studies of tran-
sient emissions from combustion sources and for
monitoring spikes in ambient concentration. The lower
limit of detection for EC is 40 ng/m3.447 When develop-
ing alternative methods for measuring the health and
visibility impacts of soot and of particle-bound organ-
ics, there is a need to compare these methods to existing
EC and OC data. However, EC, as currently reported, is a
method-dependent definition, so the relationship be-
tween methods is only an empirical correlation, not a
fundamental relationship.

Electron microscopy, coupled with energy dispersive
X-ray analysis, can provide size, shape, and elemental
composition information on individual particles. Auto-
mated electron microscopy, also called CCSEM, allows
the characterization of several hundred particles per hour
and provides a powerful technique for characterizing
both source and receptor samples for source apportion-
ment studies.449,450

Concern over acid rain has motivated studies that
have looked for coal particles in lake sediments as a tracer
for rain-out from power-plant plumes. The methods used
to identify coal fly ash in sediments can also be extended

to plume tracking for health studies. An early example of
using CCSEM in a health-related combustion particle
study involved collecting particles from the plume of a
coal-fired power plant using a helicopter. Kim et al.451

showed that the plume particles could be distinguished
from background PM by the characteristic morphology
and composition of coal fly ash. Characteristics of com-
bustion ash include large carbonaceous spheroidal par-
ticles452 and glassy aluminosilicate spheres.453,454 Advanced
techniques for single particle analysis by microscopy
have been reviewed.455,456 A limitation to the study of
submicron particles is that the spatial resolution of
many techniques, such as energy-dispersive X-ray analy-
sis, is comparable to the size of the particles.

The aerosol time-of-flight mass spectrometer
(ATOFMS) is the most sensitive technique currently avail-
able for on-line measurement of the size and chemical
composition, both organic and inorganic, of individual
aerosol particles. The size and chemical composition of
hundreds of particles per minute can be obtained. Funda-
mentals of the ATOFMS technique and recent advances
in aerosol mass spectrometry are discussed in a review,457

which lists the contributions of 17 research groups. Fig-
ure 21 illustrates the capabilities of an ATOFMS research

Figure 19. Time-trend data obtained by a PAS sampling at an Air Force base. The spikes in PAH concentration can be correlated with aircraft
operations and with local ground traffic. Courtesy of G. Palmer.440
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instrument similar to a design that is now commercially
available. Studies have compared the composition of
source PM and of ambient PM by cascade impactor time-
averaged samples and by time trend data from the
ATOFMS.458 Real-time characterization of aerosol time-of-
flight mass spectroscopy has also been used in studies of
diesel exhaust to study PAH composition under various
operating conditions.459

Figure 21 illustrates four single particle mass spectra
sampled using an on-line single particle mass spectrom-
eter developed at the University of California, River-
side.457,460 These four single particles are representative of
(a) diesel- and (b) gasoline-powered vehicular OC-contain-
ing particulate emissions, (c) coal combustion, and (d)
ambient dust. Figures 21a–c show single particles collected
during controlled source characterization studies utiliz-
ing a dilution sampler.276,278 These illustrate how single
particle source characterization studies allow for the iden-
tification and differentiation of PM sources. Figures 21a-1
and 21a-2 are the cation and anion spectra, respectively,
of an OC-containing particulate emitted from a 1994 Ford
E350 diesel truck. The cation spectrum contains many
low mass organic fragments, as well as nitrogen-contain-
ing species. Peaks of interest from the cation spectrum
include m/z 12 (C+), m/z 18 (NH4

+), m/z 27 (C2H3
+), m/z

43 (C3H7
+, C2H3O

+, CHNO+) m/z 86, and m/z 101. The

Figure 20. Comparison of near-real-time light absorption measured
by the photoacoustic analyzer (PA) and EC measured by thermal-optical
reflectance (TOR) of filter samples.448 The two techniques show good
correlation for a range of IC engine sources. Courtesy of P. Arnott.

Figure 21. Mass spectra from four different single aerosol particles. a-1 through d-1 are single particle cation spectra and a-2 through d-2 are their
associated anion spectra. a-1 and  a-2 are from a single particle emitted from a diesel-powered 1994 Ford E350 truck. b-1 and b-2 represent a single
particle emitted from a gasoline-powered 1993 Honda Civic. c-1 and c-2 represent a single particle emitted from the combustion of Illinois coal.
d-1 and d-2 represent an ambient Riverside, CA, dust particle collected on Oct. 7, 1999. Each of these single particles is representative of its specific
source or type. Courtesy of K. Prather and D. Suess.
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anion spectrum contains fewer signals, and these are domi-
nated by sulfur- and nitrogen-containing species includ-
ing m/z –62 (NO3

–), m/z –97 (HSO4
–), m/z –125 (HN2O6

–)
and m/z –188 (H2N3O9

–).
Figures 21b-1 and 21b-2 are representative OC-con-

taining single particles emitted from a gasoline-powered
1993 Honda Civic. The cation spectrum, Figure 21b-1,
contains very similar low-mass organic fragments to those
observed from the diesel-powered vehicle, 21a-1. There-
fore, differentiating OC-containing single particles from
gasoline- and diesel-powered vehicles solely by their posi-
tive spectra is not possible. However, with additional in-
formation from the anion spectra, these OC-containing
single particles can be differentiated. Figure 21b-2 does
not contain signals at m/z –125 or m/z –188. As shown in
Figure 21a-2, signals at these m/z values are associated
with diesel-powered OC vehicular emissions.

Figures 21c-1 and 21c-2 are representative Illinois coal
combustion. The cation spectrum contains signals at m/z
23 (Na+), m/z 27 (Al+), m/z 39 (K+) and m/z 56 (Fe+). In
contrast to Figures 21a and b, the complexity of this inor-
ganic particle type lies in the anion spectrum. Chemical
species present in Figure 21c-2 include m/z –16 (O2

–),
m/z –32 (S–, O2

–), m/z –43 (BO2
–), m/z –60 (SiO2

–), m/z –76
(SiO3

–), m/z –97 (HSO4
–), m/z –119 (AlSiO4

–), m/z –136
(Si2O5

–), m/z –179 (AlSi2O6
–), and m/z –196 (Si3O7

–). Fig-
ures 21d-1 and 21d-2 represent an ambient dust particle
sampled in Riverside, CA, on October 7, 1999. The cation
ambient dust spectrum is indistinguishable from the coal
combustion single particle cation spectrum in Figure 21c-
1, but the anion spectra allow for differentiation between
these single particle types. Signals in Figure 21d-2 differ-
ing from Figure 21c-2 include m/z –12 (C–), m/z –24 (C2

–),
m/z –35 (Cl–), m/z –36 (C3

–), and m/z –46 (NO2
–). Interest-

ingly, the sulfur-containing species are absent from the
ambient dust single particle, as well as from higher mass
silicate clusters.

As more single particle source characterization stud-
ies are performed, the goal of performing source appor-
tionment of ambient aerosols on a single particle basis
becomes more feasible. Data such as these illustrate that
it should be possible to distinguish vehicle emission par-
ticles from different engine types from other combustion
processes such as coal. In addition, the differentiation of
coal from ambient dust should be possible using the
unique combination of ion markers shown here.

The ATOFMS measurements of single particle compo-
sition can provide data on the variation in both source
and ambient particles that is lost in filter samples. This
allows detailed characterization of both combustion sources
and ambient particles on a level of detail that will be suit-
able for testing of specific toxicological hypotheses; how-
ever, this technique has limitations. Large particles are

preferentially detected by the ATOFMS, which requires
correcting the raw data for the counting efficiency.461 The
current limit of detection is ~0.2 µm. Work is on-going to
extend the capability of this technology to characterize
ultrafines and nanoparticles.

Both source-based modeling and ambient studies with
real-time instruments have demonstrated that the compo-
sition of the ambient aerosol has short-term variation as the
wind brings in particles from various mixtures of sources.
Presently, the relative importance of time-averaged expo-
sure versus short-term exposure to spikes in the ambient
aerosol composition is unknown. Some laboratory studies
have shown strong responses from short exposures to high
particle concentrations.462 Figure 22 shows the time-re-
solved PM10 and PM2.5 measured at an active military base
located near an urban area.440 These transients are suspected
to result from nearby sources. The ATOFMS, PAS, and
photoacoustic analyzer and similar near-real time instru-
ments provide the analytical tools needed to begin testing
hypotheses related to transient exposure. Advances in both
data reduction capability and in instrumentation capabil-
ity, especially with regard to the submicron and
nanoparticle components, are still needed.

CONCLUDING COMMENTS
Providing the scientific basis for improved regulation of
the emission of combustion particles requires an inter-
disciplinary approach with interactions between research-
ers in combustion, air pollution control, atmospheric
transport and transformation, exposure assessment, and
health effects, together with the regulatory community.
The review has touched briefly on relevant information
in these areas, providing references for the reader inter-
ested in more detailed coverage. Gaps exist in the scien-
tific understanding of all elements of the problem, but
the greatest gaps are at the interfaces between the fields.
In addition to the need to fill these gaps, there is a need
for a better balance between applying the knowledge that
has been gained to answer pressing questions and refin-
ing the theory to gain better solutions. Significant progress
has been made in understanding the processes governing
combustion particle formation:

• Particles emitted from combustors are either gen-
erated by condensation or, in the case of soot,
molecular weight growth reactions that lead to
the formation from the gas phase of submicron
aggregates of primary particles. Significant
progress has been made in understanding the
factors controlling the amount, size, and com-
position of these submicron particles. Their mass
is determined primarily in the early stages of
combustion for soot, inorganic ash, and con-
densable hydrocarbons. H2SO4 is controlled by
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the oxidation of SO2, primarily catalytically, on
tube surfaces, fly ash, and, for certain vehicles,
catalytic converters. The number and size distri-
bution of the aggregates is controlled by colli-
sion and coagulation processes that are relatively
well understood.

• Supramicron combustion-generated particles are
produced by the agglomeration of the mineral
content in fuels and by the coking of heavy hy-
drocarbons in fuel oils or coals. The size of these
particles is, to an order of magnitude, equal to
that of the parent fuel particles for pulverized or
atomized fuels. The larger particles will be emit-
ted only in the case of combustion systems not
equipped with particulate control equipment.
Large particles of carbonaceous material are also
important for uncontrolled combustors such as
fireplaces and open burning.

• Trace, sometimes toxic, elements are emitted in small
enough amounts not to contribute significantly

to the mass of the emitted particles. They are dis-
tributed between the sub- and supramicron par-
ticles emitted by combustors by condensation
and surface reaction, sometimes modified by dif-
fusion through pores. The processes governing
the distribution of the trace elements are rela-
tively well known; the size dependence of the
concentration depends on the controlling mecha-
nism and can provide a means for determining
that mechanism.

The particle formation mechanisms have been used
mainly in interpreting laboratory data. Although imperfect,
they are at a stage where they can be incorporated in com-
putational fluid dynamics simulations of furnaces and
boilers to make predictive calculations of the particle size
distribution and composition. In order to predict emis-
sions, one needs to combine the information on the size
and composition distribution of the particles emerging
from combustors with information on the collection effi-
ciency of the APCDs. The penetration of the APCD by

Figure 22. Time trend measurements of PM10(  )and PM2.5( ------ ) by a beta attenuation meter show short-term spikes in fine particles,
presumably from nearby combustion sources. Courtesy of G. Palmer.440
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particles will vary with the design and operation of the
APCD. No control devices are installed on many small
combustors or combustors operated with clean fuels, so
that the emissions are closely approximated by the com-
bustion emissions.

The limited studies of the PM at the inlet and out-
let of APCD devices on full-scale combustion systems
show that particle penetration is greatest in the 0.1–
1.0 µm range, that is, in the transition of dominance of
inertial forces to particle diffusion. There is a need to
integrate models of the APCD with those of particle
formation. At present, the greatest investment in the
measurement of particle emissions has been carried out
for compliance purposes and provides data on the total
(not size-dependent) penetration efficiency of different
elements. Without a mechanistic model, it is not pos-
sible to determine how these emission parameters
change with changes in fuel, combustion conditions,
or the operation and maintenance of the APCD. Fur-
ther, little effort has been directed at extending the
knowledge gained from studies of particle formation
in engineered combustion chambers to some of the
more mundane sources, such as domestic combustion
and open burning. These types of sources are of increas-
ing environmental importance as the emissions from
boilers, furnaces, and IC engines become better con-
trolled through improved technology.

Empirical emission factors become quickly dated as
regulations are tightened, and as technological changes
impact fuel composition and combustor design. The
trends in emissions for major combustion sources show
decreasing total mass emissions from coal-fired and oil-
fired boilers and from on-road diesel engines. Modifica-
tions of older stationary sources and the retirement of
older vehicles have more than offset the increases due to
growing population and economic activity. More atten-
tion needs to be focused on biomass sources if these are
used to significantly supplant fossil fuel combustors. A
major question, however, arises as to whether decrease in
mass emission per se achieves the desired impacts of safe-
guarding human health, since in many cases, the decrease
in mass is accompanied by an increase in numbers of
smaller particles.

Examination of the size and composition of combus-
tion-generated particles shows that, compared with geo-
logically generated ambient PM, they are smaller and have
unique chemical composition and morphology that re-
flect the fuel composition, the combustion conditions,
and the particle transformations between the furnace and
the stack. The data generated for compliance purposes
provide a starting point, but are not adequate to answer
many of the health-related hypotheses being proposed.
More characterization studies will be needed for particle

sources, including measurements of transient emissions,
detailed chemical speciation, and ultrafine particle num-
ber. The complex aerosol mixture produced by combus-
tion is further transformed in the atmosphere before
human exposure by mechanisms that, though subject to
uncertainty, are sufficiently well understood to provide
reasonable models of ambient particles from well-charac-
terized emissions.

Epidemiology has demonstrated that susceptible in-
dividuals are being harmed by ambient particulate air
pollution at levels comparable to the current air quality
standards. Based on these findings, new regulations have
been proposed for PM2.5, but these have been contested.
The proposed regulations based on mass loading are to be
subject to review as current research leads to better un-
derstanding of the mechanism for the health impact of
particles and of which specific size fractions and chemi-
cals are responsible for these effects. Controlled studies
with surrogate particles are being conducted to help un-
ravel the various hypotheses proposed for the biological
effects associated with the exposure to ambient particles.
The problem is confounded by the probability that dif-
ferent particle characteristics are associated with differ-
ent health end points in different susceptible populations.
Particle surface area, number of ultrafine particles, and
bioavailable transition metals are likely to be found to be
more important than particle mass when correlating
health effects with air pollution.

The understanding of the effects of particle air pollu-
tion on health has benefited from great advances in bio-
chemistry and molecular biology on one side and from
improved particle measurement capabilities on the other.
Mechanistic toxicology studies are currently looking at
the activation of specific genes and the synthesis of spe-
cific proteins in response to exposure to particles. Ad-
vances in the ability to collect time- and size-resolved
research data on the composition of the ambient air will
provide valuable input data for health studies and help
identify the particle characteristics that are actually re-
sponsible for biological responses.

As the particles of importance to human health are
identified, time- and size-resolved data will be needed for
source apportionment studies both during the develop-
ment of plans to improve air quality, and for the develop-
ment of particle-control engineering technology for
stationary and mobile sources. The health effects and ap-
portionment studies can be assisted by the knowledge
derived from the more fundamental studies on how fuel
and combustion conditions affect size and composition
of particulate emissions.

The observed association of increased ambient PM
with adverse health effects and the lack of a toxicological
mechanism provide the dilemma of balancing the added
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cost to society of implementing imperfect regulations
against the health costs of delaying action. The role of
epidemiology during the 1854 cholera outbreak in Lon-
don is instructive.463 Dr. John Snow showed a correlation
between cholera deaths and water from the Broad Street
pump. Discovery of the germ theory of disease by Louis
Pasteur was still 11 years in the future, and isolation of
the cholera bacteria was 32 years in the future.464 How-
ever, closing the well, based solely on associations and in
the absence of a biological mechanism, stopped the epi-
demic and saved lives. Implementing a stricter fine par-
ticle standard can be seen as an analogous to “removing
the pump handle.” However, closing the offending well
had a small cost, since other sources of water were nearby.
Major reductions in the emissions of primary particles,
especially ultrafines, from stationary and mobile combus-
tion sources will require both advances in engineering
practice and major investments of capital.

The cost of the implementation of the regulations
can, however, be reduced by contributions provided by
advances in the fields of aerosol and combustion science,
combined with advances in biochemistry and toxicology.
A causal relationship between ambient particles from dif-
ferent sources and specific health end points is needed to
provide a sound scientific basis for regulations. These sci-
entific contributions will eventually allow better
prioritization of air pollution control resources. The
tradeoffs between social costs and health risks are value
judgments that need to be resolved through the political
process, but that process can be assisted by the clarifica-
tion of the scientific issues.
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